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QUANTITATIVE TRAIT LOCI FOR AGRONOMIC AND END-USE QUALITY 
PERFORMANCE AND THE EFFECT OF SOILBORNE WHEAT MOSAIC VIRUS IN A 
HARD WINTER WHEAT POPULATION IN NEBRASKA 
 
Nicholas Adam Crowley, Ph.D. 
University of Nebraska, 2010 
 
Advisor:  P. Stephen Baenziger 
 
To better understand agronomic and end-use quality in wheat (Triticum aestivum 
L.) we developed a population containing 154 F6:8 recombinant inbred lines (RILs) from 
the cross TAM107-R7/Arlin.  The parental lines and RILs were phenotyped at six 
environments in Nebraska and differed for resistance to Wheat soilborne mosaic virus 
(WSBMV), morphological, agronomic, and end-use quality traits.  Additionally, a 2300 
cM genome-wide linkage map was created for quantitative trait loci (QTL) analysis.  
Based on our results across multiple environments, the best RILs could be used for 
cultivar improvement.  The population and marker data are publicly available for 
interested researchers for future research. 
The population was used to determine the effect of WSBMV on agronomic and 
end-use quality and for the mapping of a resistance locus.  Results from two infected 
environments showed that all but two agronomic traits were significantly affected by the 
disease.  Specifically, the disease reduced grain yield by 30% of susceptible RILs and 
they flowered 5 d later and were 11 cm shorter.  End-use quality traits were not 
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negatively affected but flour protein content was increased in susceptible RILs.  The 
resistance locus SbmTmr1 mapped to 27.1 cM near marker wPt-5870 on chromosome 
5DL using ELISA data. 
Finally, we investigated how WSBMV affected QTL detection in the population.  
QTLs were mapped at two WSBMV infected environments, four uninfected 
environments, and in the resistant and susceptible RIL subpopulations in the infected 
environments.  Fifty-two significant (LOD≥3) QTLs were mapped in RILs at uninfected 
environments.  Many of the QTLs were pleiotropic or closely linked at 6 chromosomal 
regions.  Forty-seven QTLs were mapped in RILs at WSBMV infected environments.  
Comparisons between uninfected and infected environments identified 20 common QTLs 
and 21 environmentally specific QTLs.  Finally, 24 QTLs were determined to be affected 
by WSBMV by comparing the subpopulations in QTL analyses within the same 
environment.  The comparisons were statistically validated using marker by disease 
interactions.  These results showed that QTLs can be affected by WSBMV and careful 
interpretation of QTL results is needed where biotic stresses are present.  Finally, 
beneficial QTLs not affected by WSBMV or the environment are candidates for marker-
assisted selection. 
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This dissertation is written as three manuscripts in the format required for 
publication in Crop Science journal. 
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Creation of a TAM 107-R7/‘Arlin’ Hard Winter Wheat Recombinant Inbred Line 
Mapping Population 
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ABSTRACT 
 
A hard winter wheat (Triticum aestivum L.) population was developed 
cooperatively by the Colorado and Nebraska Agricultural Experiment Stations from the 
cross TAM 107-R7/‘Arlin’ to investigate agronomic performance, biotic and abiotic 
stress tolerance, end-use quality, and map quantitative trait loci (QTL) for the these traits.  
The parental lines have been shown to be well adapted to Texas, Oklahoma, Kansas, and 
Colorado environments.  The population contains 154 F6:8 recombinant inbred lines 
(RILs) that were phenotyped at six environments in Nebraska for numerous traits.  The 
parental lines and RILs differed for resistance to Wheat soilborne mosaic virus 
(WSBMV), morphological, agronomic, and end-use quality traits.  Genotyping using 
simple sequence repeat (SSR) and diversity arrays technology markers (DArT) produced 
a genome-wide linkage map that covers over 2300 cM on 33 linkage groups.  In our 
studies, QTLs were detected for agronomic and end-use quality traits in all environments.  
The population has performed well in Nebraska and the best RILs could be used as 
parents to improve cultivars in the northern Great Plains.  The RIL population and marker 
data were released so that others in the Great Plains or in similar environments can use 
both to understand traits of interest to them.  Seed from the TAM 107-R7/Arlin 
population and all genotypic data are available from the corresponding author or the 
USDA-ARS National Small Grains Collection (NSGC), Aberdeen, ID and the 
GrainGenes website, respectively. 
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INTRODUCTION 
 
A hard winter wheat (Triticum aestivum L.) population consisting of 154 F6-
derived recombinant inbred lines (RILs) developed from the cross TAM 107-R7/‘Arlin’ 
at Colorado State University (CSU) was used to investigate agronomic performance, 
biotic and abiotic stress tolerance, and end-use quality.  Based on its performance and 
previous studies conducted in Colorado (Zheng et al., 2010), the population was tested at 
multiple environments in Nebraska to map quantitative trait loci (QTL) for agronomic 
and end-use quality performance, and investigate Wheat soilborne mosaic virus 
(WSBMV) resistance.  The parental lines represent two of the ten U.S. wheat market 
classes. 
The hard red winter wheat parental line TAM 107-R7, is a sister line to ‘Prairie 
Red’ (PI 605390; Quick et al., 2001) and shares similarities to ‘TAM 107’ (PI 495594; 
Porter et al., 1987), which has been evaluated consistently in the USDA-ARS Southern 
Regional Performance Nursery (SRPN) throughout the Great Plains since 1990 
(http://www.ars.usda.gov/Research/docs.htm?docid=11932; verified 27 March 2010).  
The male parent, ‘Arlin’ (PI 564246; Sears et al., 1997) is one of the original hard white 
winter wheat cultivars released in the Great Plains, developed jointly at the Kansas 
Agricultural Experiment Station and USDA-ARS.  Arlin was evaluated in the SRPN 
during 1991 and 1992 as KS-SB-369-7 and showed superior performance in many 
Kansas and similar environments.  Both TAM 107 and Arlin are parents of many red and 
white hard winter wheat cultivars including ‘Antelope’ (PI 633910; Graybosch et al., 
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2005), ‘Bill Brown’ (PI 653260; Haley et al., 2008), ‘Nekota’ (PI 584997; Haley et al., 
1996), ‘TAM 111’ (PI 631352; Lazar et al., 2004).   
The TAM 107-R7/Arlin population is part of the multi-institution Wheat 
Coordinated Agricultural Project (Wheat CAP; http://maswheat.ucdavis.edu/; verified 27 
March 2010) that was designed to use molecular markers to characterize quantitative 
traits in mapping populations and facilitate the release of superior cultivars using marker-
assisted selection (Dubcovsky, 2004), as well as creating genetic resources for further 
research.  The distinct characteristics found in this population will aid future 
investigations into many agronomic, disease and insect resistance, and end-use quality 
traits for the Great Plains and similar hard winter wheat growing regions globally.  
Specifically, resistance to WSBMV present in the TAM 107-R7/Arlin population will 
provide a useful resource to aid studies focusing on the disease and incorporating 
resistance into new cultivars, as the disease has become more of a threat in wheat 
growing regions.  All seed, marker information, and phenotypic data relating to research 
conducted at the University of Nebraska on the TAM 107-R7/Arlin population are 
publicly available for interested researchers. 
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MATERIALS AND METHODS 
 
Description of the Parental Lines 
TAM 107-R7 is an unreleased sib-selection from the hard red winter wheat 
population that led to the release of ‘Prairie Red’ (PI 605390; Quick et al., 2001).  TAM 
107-R7 has the pedigree CO850034/PI372129//5*‘TAM 107’.  The pedigree of 
CO850034 is NS14/NS603//‘Newton’/3/PB835 and PI372129 is a Russian wheat aphid 
[Diuraphis noxia (Mordvilko)] resistant landrace from Turkmenistan (Quick et al., 1991).  
The cultivar ‘TAM 107’ (PI 495594; Porter et al., 1987) was released by Texas A&M 
University in 1984 with the pedigree ‘TAM 105’*4/‘Amigo’. 
TAM 107-R7 has a colorless coleoptile, full awns, bronze chaff, and is a semi-
dwarf (Rht-B1b/Rht-D1a).  TAM 107-R7 carries the rye (Secale cereale L. cv. ‘Insave’) 
1AL.1RS translocation from Amigo (PI 578213; Sebesta and Wood 1978; Sebesta et al., 
1995).  Information on TAM 107-R7 is limited but it is similar in many respects to 
Prairie Red and TAM 107 (Porter et al., 1987; Quick et al., 2001) that are reported to be 
resistant to stem rust (caused by Puccinia graminis Pers.:Pers. f. sp. tritici Eriks. & E. 
Henn.) and powdery mildew [caused by Blumeria graminis (DC) E.O. Speer f. sp. tritici 
Ém. Marchal], contributed by genes on the 1AL.1RS translocation (Sebesta and Wood 
1978; Sebesta et al., 1995).  TAM 107-R7 carries the RWA Biotype 1 resistance gene 
Dn4 from PI372129 (Haley et al., 2004; Nkongolo et al., 1991; Ma et al., 1998) and is 
susceptible to leaf rust (caused by P. triticina Eriks.).  Resistance to WSBMV was 
incorporated unknowingly into TAM 107-R7 during its development and the source of 
resistance is unknown.  Milling and baking quality is acceptable but is affected by the 
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presence of the 1AL.1RS translocation (Espitia-Rangel et al., 1999; Porter et al., 1987; 
Quick et al., 2001). 
The hard white winter wheat cultivar ‘Arlin’ (PI 564246; Sears et al., 1997) was 
developed cooperatively and released in 1992 by the Kansas Agricultural Experiment 
Station and USDA-ARS.  The pedigree of Arlin has been lost but it has been described as 
being a white seeded selection from a bulk population formed between crosses involving 
hard red spring and hard red winter wheat (Sears et al., 1997).  Arlin has a colorless 
coleoptile, short awns, white chaff, and is a semi-dwarf (Rht-B1b/Rht-D1a).  Arlin is 
moderately resistant to stem rust, and moderately susceptible to leaf rust, powdery 
mildew, tan spot [caused by P. tritici-repentis (Died.) Drechs], Wheat streak mosaic virus, 
and WSBMV (Sears et al., 1997).  Arlin has been known to lack winterhardiness in 
regions north of Kansas and post harvest characteristics are excellent if preharvest 
sprouting does not occur (Sears et al., 1997). 
 
Development and Description of the Population 
The cross TAM 107-R7/Arlin was made in the late 1990’s at CSU, the resulting 
F1 generation was grown in the greenhouse, and the individual F2 plants were inbred to 
the sixth generation at a field nursery in Fort Collins, CO using the single-seed descent 
method.  Seed from F6:7 RILs were planted in the greenhouse and at an off-season nursery 
in the autumn of 2006 at the University of Nebraska and Yuma, AZ, respectively.  The 
seed growout produced 154 F6:8 RILs that formed the final TAM 107-R7/Arlin mapping 
population and individual RILs were given the prefix ‘TA’ followed by a numerical 
identifier (Appendix 1).  The F6:8 seed from the greenhouse was used for purity storage 
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and DNA extraction, while the seed from Yuma, AZ was used for multi-location 
replicated field trials. 
 
Experimental Design, Data Collection, and Statistical Analysis 
The 154 F6:8 TAM 107-R7/Arlin RILs, the parental lines, three Nebraska cultivars 
‘Goodstreak’ (PI 632434; Baenziger et al., 2004), ‘Millennium’ (PI 613099; Baenziger et 
al., 2001a), ‘NE01643’ (PI 647959; Baenziger et al., 2008), which is sold under the name 
Husker Genetics Brand ‘Overland’, and one USDA-ARS Nebraska cultivar, ‘Wesley’ (PI 
605742; Peterson et al., 2001) were grown under rainfed conditions in a total of six 
environments (location by year) in Nebraska at Lincoln, Mead, and North Platte 
experiment stations in 2008 and 2009.  These environments are characteristic of the 
diverse agroecological production zones in Nebraska and the Northern Great Plains 
(Peterson, 1992). 
An alpha-lattice incomplete block design randomized with sixteen incomplete 
blocks of ten lines nested in each of the three replications was conducted at each 
environment.  Plots had four rows that were 2.4 m long with 30 cm between each row 
and planted with 66 kg of seed per ha-1.  Common fungal diseases were controlled with 
an application of the foliar fungicide Headline (active ingredient: pyraclostrobin: 
(carbamic acid, [2-[[[1-(4-chlorophenyl)-1H-pyrazol-3-yl]oxy]methyl]phenyl]methoxy-, 
methyl ester); BASF, Research Triangle Park, NC) just before heading following the 
manufacture’s instructions. 
Heading date, anthesis date, physiological maturity date, grain fill duration, plant 
height, grain yield, grain volume weight, and thousand-kernel weight were obtained for 
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every plot at all environments for the parental lines, the population, and the four check 
cultivars.  Heading date was determined as the number of days from January 1 until 50% 
of the spikes in a plot had emerged completely from the flag leaf sheath.  Anthesis date 
was determined as the number of days from January 1 until 50% of the spikes in a plot 
had anthers extruded.  Physiological plant maturity date was determined as the number of 
days from January 1 when 50% of the peduncles in a plot had turned from green to 
yellow.  Grain fill duration was determined by subtracting days to anthesis from days to 
maturity, which estimates the time from fertilization to complete seed fill.  Mature plant 
height was recorded in cm before harvest and measured from the soil surface to the tip of 
the spike, awns excluded.  All four rows were harvested with a combine and weighed to 
determine plot grain yield in kg ha-1.  Grain volume weight was measured in kg hL-1 
using a 200-mL sample with a volumetric scale (Seedburo Equipment Co. Chicago, IL).  
Thousand-kernel weight was determined by counting 1000 seeds and measuring the 
weight in grams.  All seeds were electronically counted using an Agriculex ESC-1 seed 
counter (Agriculex Inc., Guelph, Ontario). 
End-use quality testing was conducted using 50 g of seed from two replications in 
each environment (Fufa et al., 2005) at the Nebraska Seed Quality Laboratory (Lincoln, 
NE) using approved methods (American Association of Cereal Chemists 2000).  Samples 
were tempered to 152 g H20 kg-1 using Method 26-95 (American Association of Cereal 
Chemists 2000) and milled in a Brabender Quadrumat Junior Mill (C.W. Brabender 
Instruments, South Hackensack, NJ).  The resulting flour was separated from the bran 
using a U.S. Standard Sieve No. 70 on an oscillating shaker (Strand, Minneapolis, MN) 
spinning at 225 rpm for 100 seconds.  Near-infrared reflectance spectroscopy was used to 
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determine flour protein content in g kg-1 following Method 39-11 (American Association 
of Cereal Chemists 2000).  Mixograph testing was conducted on a 10 g flour sample to 
determine the mixing characteristics using a Mixograph machine (National 
Manufacturing Co., Lincoln, NE) using Method 54-40A (American Association of Cereal 
Chemists 2000) with the flour water absorption of 610 g H20 kg-1.  Mixograph peak time 
was determined as the time in minutes for maximum dough resistance and Mixograph 
tolerance was scored using a 0 to 7 scale (Baenziger et al., 2001b). 
Two environments (Lincoln 2008 and 2009) were removed from the agronomic 
and end-use quality statistical analysis due to a severe WSBMV infection.  Detection of 
the virus was conducted using double antibody sandwich ELISA at 405 nm (Agdia Inc., 
Elkhart, IN) and the disease symptoms were visually scored using a four-point scale (0-3) 
described by Hunger et al. (1989) 114 d after January 1 each year.  ELISA data were 
evaluated based on a threshold of two times the negative control (distilled water) mean 
described by Sutula et al. (1986) and compared to phenotypic data from the field.  Data 
and results from the WSBMV study will be published elsewhere. 
Seed color (red or white) was determined for each RIL in the laboratory using a 
sodium hydroxide test (Ram et al., 2001) and chaff color (bronze or white) was 
phenotyped in the field each year.  Purity of the population on a RIL basis was tested 
after each generation in Nebraska during 2007 to 2009 using ten random molecular 
markers and the previously described morphological markers. 
Analysis of variance was conducted on all data using the SAS software package 
(SAS Institute, 2003) to test for significance (P < 0.05) between the parental lines and the 
population using PROC MIXED considering environments and genotypes as fixed effects, 
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and replications and incomplete blocks within environments as random effects for all 
traits.  Mean differences between parental lines were determined using Fisher's protected 
least significant difference (LSD) at α = 0.05. 
 
Molecular Analysis 
The 154 F6:8 RILs were used to develop a genome-wide linkage map for QTL 
analysis using SSR markers and DArT marker genotyping (Triticarte Pty. Ltd., 
Yarralumla ACT, Australia) described by Akbari et al. (2006) and Jaccoud et al. (2001).  
Procedures for DNA extraction, PCR, and polyacrylamide gel electrophoresis were 
conducted according to methods described by Kuleung et al. (2004).  The SSR primer 
pair sequences and annealing temperatures used in this study are available on the 
GrainGenes website (http://wheat.pw.usda.gov/GG2/index.shtml; verified March 27, 
2010) and in Appendix 2.  In addition, marker data from the six orthologus high and low 
molecular weight glutenin subunit loci (HMW-GS: Glu-A1, B1, D1, and LMW-GS: Glu-
A3, B3, D3) were obtained. 
The linkage map was constructed with MAPMAKER/EXP 3.0 (Lander et al., 
1987; Lincoln et al., 1993) using a logarithm of the odds (LOD) threshold of 3.0 and the 
Kosambi mapping function (Kosambi, 1944).  The ‘GROUP’ command was used to 
place markers into linkage groups and the ‘COMPARE’ command was used to find the 
best linear order of the markers within each linkage group.  The ‘RIPPLE’ command was 
used on each linkage group to identify the best marker order.  Linkage groups were 
assigned to a chromosome based on the previously published SSR marker placement by 
Somers et al. (2004) and drawn using cumulative distances in MapChart (Voorrips 2002). 
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CHARACTERISTICS 
 
Agronomic and End-Use Quality Performance 
Field observations in Nebraska showed that the parental lines were only 
significantly different (P < 0.05) for plant height (Table 1); however, the population 
showed significant differences for all agronomic traits in a combined analysis (Crowley 
et al., unpublished results).  Transgressive segregation (defined as a RIL trait value that is 
above or below either parent mean, greater than two times the standard deviation of the 
population) was identified in the TAM 107-R7/Arlin population for all traits and could be 
further investigated using results from QTL analysis in order to determine favorable and 
unfavorable alleles associated with each trait for cultivar improvement using molecular 
markers (DeVicente and Tanksley, 1993). 
The population had a mean anthesis date of 149 d after January 1 and ranged from 
146 to 154 d.  Compared to the check cultivars, the population flowered and matured on 
average 5 d earlier.  Plant height in the population ranged from 68.5 to 87.2 cm with a 
mean of 78.8 cm, whereas TAM 107-R7 and Arlin had mean plant heights of 82.8 and 
78.1 cm, respectively.  The mean grain yield of TAM 107-R7 and Arlin was 4814 and 
5275 kg ha-1, respectively.  The population averaged 4520 kg ha-1 for grain yield and 
ranged from 3145 to 5749 kg ha-1.  The TAM 107-R7/Arlin population agronomic trait 
means were in many cases inferior to the means of the better adapted and more recently 
developed check cultivars; however, individual RILs were statistically significant (P < 
0.05) and showed superior agronomic trait means upon comparison to the check cultivars.  
The 1AL.1RS translocation had a significant affect on heading date, anthesis date, grain 
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fill duration, and plant height, similar to that reported by Espitia-Rangel et al. (1999).  
Winterkilling and lodging were not observed at any Nebraska environments. 
Flour protein content of grain and Mixograph peak time were the only end-use 
quality traits significantly different between the parental lines (Table 1) but the combined 
analysis identified significant differences for all end-use quality traits in the population 
(Crowley et al., unpublished results).  The mean flour protein content was 118.5 g kg-1 for 
TAM 107-R7 and 129.7 g kg-1 for Arlin, while the population had a mean of 128.2 g kg-1 
and ranged from 114.5 to 148.9 g kg-1.  Mixograph peak time ranged from 1.93 to 6.67 
min in the population with a mean of 3.87 min.  TAM 107-R7 and Arlin had Mixograph 
peak times of 3.49 and 4.42 min, respectively.  Mean mixing tolerance was 4.38 and 3.61 
for TAM 107-R7 and Arlin, respectively and ranged from 0.95 to 6.93 in the population 
with a mean of 4.0 min.  Acceptable end-use quality levels for Mixograph peak time and 
mixing tolerance need to be at least 3.0, but values of 4.0 or higher and flour protein 
content above 12% are preferred (Baenziger et al., 2001b).  The parental lines and 
population mean showed acceptable levels for the major end-use quality traits, 
comparable to the check cultivars; however, RILs with superior flour protein, Mixograph 
peak time, and mixing tolerance lacked adequate agronomic performance.  The 
relationships between the six different glutenin subunits and the 1AL.1RS translocation 
affecting overall end-use quality in the TAM 107-R7/Arlin population were discussed by 
Zheng et al. (2010).  In Nebraska (data and results not shown), the translocation lines 
increased flour protein an decreased Mixograph peak time, similar as identified by 
Espitia-Rangel et al. (1999).  In contrast mixing tolerance was not significantly affected 
by the translocation. 
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Morphological Characteristics 
Bronze chaff was identified in 75 RILs, white chaff was identified in 77 RILs, and 
2 RILs were heterogeneous for brown and white chaff in field plots.  The phenotypic data 
fit the expected 1:1 ratio (P = 0.8711) for a single gene for brown chaff Rg1 (Metzger and 
Silbaugh, 1970a).  White and red seed color phenotyping produced a 1:7 ratio (P = 
0.7915) with 23 white seeded RILs, 130 red seeded RILs, and one RIL was 
heterogeneous for red and white seed color.  Based on the phenotypic data, all of the 
three homoeologous R genes on the group 3 chromosomes (McIntosh et al., 2008; 
Metzger and Silbaugh, 1970b) segregated.  TAM 107-R7 has three dominant red alleles 
(R-A1b, R-B1b, and R-D1b) and Arlin has three recessive white alleles (R-A1a, R-B1a, 
and R-D1a). 
 
Disease Resistance 
Resistance or susceptibility to WSBMV was determined using an ELISA 
threshold that was calculated at 0.1506, values below the threshold are indicative of 
resistance, and values above are indicative of susceptibility (Sutula et al., 1986).  The 
negative control and the positive control had mean ELISA values of 0.0753 and 0.3176, 
respectively.  TAM 107-R7 had a mean value of 0.0797 and Arlin had a mean value of 
0.2653 (Table 1).  The population ranged from 0.0719 to 0.3096 with a mean value of 
0.1592.  Disease phenotyping in the field verified the ELISA results for resistant and 
susceptible RILs. 
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Phenotyping for resistance to common fungal pathogens in Nebraska did not 
occur due to the fungicide application at each environment to obtain unbiased agronomic 
trait estimates; however, indications of susceptibility to leaf rust and powdery mildew 
were observed in the population prior to the fungicide application at all environments.  
The presence of Sr1RSAmigo located on the 1AL.1RS translocation in TAM 107-R7 
provides resistance for many stem rust races including TTKS (Jin and Singh, 2006). 
 
Genetic Map and Molecular Analysis 
Parental screening to detect polymorphisms encompassed over one thousand 
molecular markers.  The polymorphic percentage for SSR markers was 27.3% and DArT 
markers were approximated at 21% based on the size of the array used for genotyping 
(Triticarte Pty. Ltd., Yarralumla ACT, Australia).  The entire data set was at the expected 
1:1 ratio (P = 0.9367) for the two parental alleles; however, fifty-one loci were 
significantly distorted (P < 0.05), which occurred on thirteen linkage groups as either a 
single locus or a group of loci.  Twenty-six of the distorted loci are in favor of the TAM 
107-R7 allele and 25 are in favor of the Arlin allele.  Heterozygous marker loci were 
present at 2% of the entire dataset and were scored as missing data. 
The linkage map contains 347 marker loci on thirty-three linkage groups and 
covers 2308 cM with a density of 6.65 cM per marker (Table 2 and Figure 1).  The large 
number of linkage groups resulted from the failure to join the chromosome arms, caused 
by the stringent thresholds applied to prevent spurious linkages.  The SSR marker order is 
in agreement with the consensus map published by Somers et al. (2004) and the DArT 
marker alignment is comparable to that of Akbari et al. (2006).  Clustering of both DArT 
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and SSR markers occurred throughout the linkage map but the remaining DArT markers 
helped bridge gaps between many SSR loci throughout the linkage groups.  Although the 
linkage map covered over 2300 cM, underrepresented areas were noted.  The linkage 
groups that corresponded to chromosomes 2B, 2D, 4D, 5A, and 6D are good examples of 
insufficient marker coverage compared to Somers et al. (2004).  Differences in total 
marker loci, genetic length, and marker density of the individual chromosomes, 
chromosome groups, and genomes were also observed. 
Two new marker loci not reported to our knowledge in the literature or on the 
GrainGenes website (http://wheat.pw.usda.gov/GG2/index.shtml; verified March 27, 
2010) were identified for the SSR markers GDM88 and WMC728 on chromosome 7A 
and 1D, respectively.  At the Xgdm88-7A locus, the PCR product from TAM 107-R7 was 
null and the PCR product from Arlin was 360 base pairs (bp), while at the Xwmc728-1D 
locus the PCR product from TAM 107-R7 allele was null and the PCR product from 
Arlin allele was 200 bp (Figure 2).  The bp allele sizes are estimates based upon 
comparison to the DNA marker ladder.  The marker locus Xwmc728-1D was linked to a 
QTL for heading date in the TAM 107-R7/Arlin population at two environments and in 
the combined analysis (data and results not shown).  The Xgdm88-7A locus was not 
associated with any QTLs using our phenotypic data. 
The 1AL.1RS translocation was not mapped due to the lack of recombination 
between wheat and rye chromatin; however, the presence or absence of the 1AL.1RS 
translocation was identified with molecular markers.  Twenty-nine RILs have the 
translocation and 125 RILs do not contain the translocation.  This result significantly 
deviates from the expected 1:1 segregation ratio (P < 0.0001).  Graybosch et al. (1999) 
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found that this preferential transmission occurs but is not universal in all crosses 
involving translocations.  Koebner and Shepherd (1985; 1986) suggested that pollen 
carrying rye translocations has a competitive disadvantage compared to pollen not 
carrying the translocation.  However, in our study the female parent carried the 1AL.1RS 
translocation.  Heterogeneity for the 1AL.1RS translocation within a RIL in the 
population was not observed. 
The chaff color locus Rg1 and the seed color locus R-B1 were mapped to 
chromosomes 1B and 3B (Figure 1), respectively (McIntosh et al., 2008; Metzger and 
Silbaugh, 1970a and 1970b; Unrau, 1950).  Quantitative data for red seed color or the use 
of diagnostic markers identified by Sherman et al. (2009) for the different R genes will 
need to be obtained in order to identify the remaining loci, which will also determine the 
one, two, or three gene red RILs in the TAM 107-R7/Arlin population.  Results from the 
morphological and molecular marker RIL purity testing were compared to existing data 
and found to be unchanged from each year of advancement in Nebraska. 
Segregation was observed for all six of the glutenin loci (Zheng et al., 2010); 
however, only three of the loci were mapped (HMW-GS Glu-B1, D1, and LMW-GS Glu-
B3).  Lack of linkage to additional markers resulted in the omission of Glu-A1 and Glu-
D3 loci from the map.  The Glu-A3 locus could only be represented as segregating with 
the 1AL.1RS translocation due to the previously described lack of recombination 
between rye and wheat chromatin.  The TAM 107-R7/Arlin population carries favorable 
and unfavorable subunits for these glutenin loci (Zheng et al., 2010). 
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CONCLUSIONS 
 
In conclusion, the TAM 107-R7/Arlin population has the ability to aid studies into 
agronomic and end-use quality based on its performance in the U.S. Great Plains and in 
similar agroecological environments.  Studies focusing on abiotic and biotic stresses 
controlled by the fungicide used in this experiment could be conducted by others, as they 
were not the focus of this research at the University of Nebraska.  Utilization of the 
translocation lines in the population should help to broaden adaptability, yield potential, 
and abiotic stress tolerance in breeding programs if end-use quality is not affected 
(Espitia-Rangel et al., 1999).  Otherwise, breeders can select superior RILs to improve 
agronomic or end-use quality using phenotypic or genotypic data.  We continue to test 
selected RILs and to use them as parents in our breeding program.  The wide adaptation 
observed in the TAM 107-R7/Arlin population and availability makes it a valuable 
resource to hard winter wheat breeders and researchers. 
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AVAILABILITY 
 
All marker information and phenotypic data relating to research conducted at the 
University of Nebraska on the TAM 107-R7/Arlin population are publicly available for 
interested researchers on GrainGenes (http://wheat.pw.usda.gov/cgi-
bin/graingenes/browse.cgi verified 17 Feb. 2010).  Seed samples of the 154 F6:8 RILs and 
the parental lines have been deposited in the USDA-ARS National Small Grains 
Collection (NSGC), Aberdeen, ID and can be accessed on the germplasm resources 
information network (GRIN) database (http://www.ars-grin.gov/npgs/ verified 17 Feb. 
2010) under GSTR 11601 – 11756.  Small quantities of seed for research purposes may 
also be obtained from the corresponding author for at least five years from the date of this 
publication according to the provisions of the Wheat Worker's Code of Ethics (Annual 
Wheat Newsletter, 1995).  Breeder seed at the University of Nebraska of the TAM 107-
R7/Arlin population is F6:9 as of July 2009.  Proper acknowledgement and citation of the 
TAM 107-R7/Arlin population and its registration are requested when these materials are 
used to develop cultivars or conduct research. 
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Table 2.  Distribution of marker loci in the genome-wide linkage map formed from the 154 F6-
derived TAM 107-R7/Arlin recombinant inbred lines.
† Map distances in Kosambi centimorgans (cM).
‡Calculated by dividing linkage group distance into the total markers per linkage group (cM/marker).
Chromosome
Group
Individual 
Chromosome
No. Linkage 
Groups
No. SSR
Marker Loci
No. DArT
Marker Loci
No. Gene 
Marker Loci
Total Marker 
Loci
Genetic
Length†
Marker 
Density‡
1 A 2 5 8 - 13 64.7 4.98
1 B 2 5 16 3 24 112.8 4.70
1 D 1 3 14 1 18 112.3 6.24
Group 1 TOTAL 5 13 38 4 55 289.8 5.27
2 A 2 8 13 - 21 97.1 4.62
2 B 1 8 7 - 15 45.5 3.03
2 D 2 4 2 - 6 40.6 6.77
Group 2 TOTAL 5 20 22 0 42 183.2 4.36
3 A 3 6 19 - 25 134.6 5.38
3 B 2 8 15 1 24 121.8 5.08
3 D 1 6 6 - 12 152.7 12.73
Group 3 TOTAL 6 20 40 1 61 409.1 6.71
4 A 1 6 15 - 21 99.8 4.75
4 B 1 7 6 - 13 111.2 8.55
4 D 1 5 3 - 8 72.7 9.09
Group 4 TOTAL 3 18 24 0 42 283.7 6.75
5 A 1 5 - - 5 28.3 5.66
5 B 2 3 23 - 26 173.4 6.67
5 D 3 18 4 1 23 181.5 7.89
Group 5 TOTAL 6 26 27 1 54 383.2 7.10
6 A 2 6 14 - 20 154.9 7.75
6 B 1 8 10 - 18 131.6 7.31
6 D 2 3 3 - 6 34.6 5.77
Group 6 TOTAL 5 17 27 0 44 321.1 7.30
7 A 1 4 13 - 17 159.5 9.38
7 B 1 6 17 - 23 163.6 7.11
7 D 1 2 8 - 10 114.8 11.48
Group 7 TOTAL 3 12 38 0 50 437.9 8.76
Genome A 12 40 82 0 122 738.9 6.06
Genome B 10 45 94 4 143 859.9 6.01
Genome D 11 41 40 2 83 709.2 8.54
Genome TOTAL 33 126 216 6 348 2308 6.63
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Fig. 1. (continued)
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Fig. 1.  Genome-wide linkage map constructed from the TAM 107-R7/Arlin F6-derived recombinant 
inbred line population.  The map includes 33 linkage groups across all 21 hexaploid wheat 
chromosomes.  The cumulative Kosambi centiMorgan distances are shown on the left and 
the marker loci names are shown on the right side of each linkage group.  The underlined 
loci and gray shaded region are significantly deviated (P < 0.05) from the expected 1:1 
ratio.  Loci in italics indicate known genes.
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Fig. 2.  Amplified products from polymerase chain reaction from wheat cultivars on polyacrylamide 
gel electrophoresis of the GDM88 (left) and WMC728 (right) SSR markers.  X1, 100 base 
pair DNA ladder; X2, 50 base pair DNA ladder; T, TAM 107-R7; A, Arlin; and CS, 
Chinese Spring.  Scored alleles for GDM88 were 360 bp and its absence in TAM 107-R7, 
and WMC 728 were 200 bp and its absence in TAM 107-R7.  Polymorphic alleles 
correspond to Xgdm88-7A and Xwmc728-1D.
100 bp
200 bp
150 bp
350 bp
X1 X2 T A CS X1 X2 T A CS
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APPENDICES 
 
Appendix 1.  Description of the TAM 107-R7/Arlin F6:8 recombinant inbred lines and parents for morphological, genetic, 
disease, and end-use quality characters. 
 
 
Population Seed Color Chaff Color 1AL.1RS SBWMV Glu-A1      Glu-A3 Glu-B1 Glu-B3 Glu-D1 Glu-D3
TAM 107-R7 RED BROWN YES YES 1 e 7+8 g 2+12 b 
ARLIN      
      
      
         
      
      
      
      
      
      
      
      
        
        
      
      
      
      
      
WHITE WHITE NO NO 2* c 7+9 e 5+10 a 
TA001 WHITE BROWN NO YES 2* c 7+8 g 2+12 b 
TA002 RED WHITE NO YES 1 c 7+9 e 2+12 b 
TA003 RED WHITE YES YES 2* e 7+8 - 2+12 b 
TA004 RED WHITE NO YES 2* c 7+9 g 2+12 a 
TA005 RED WHITE NO YES 1 c 7+8 g - b 
TA006 RED BROWN NO YES 1 c 7+8 e 5+10 b 
TA007 RED WHITE NO YES - c 7+9 e 5+10 b 
TA008 WHITE BROWN YES YES 1 e 7+9 g 5+10 a 
TA009 RED SEG. NO NO 2* c 7+8 g 5+10 b 
TA010 RED BROWN YES NO 1 e 7+8 g 2+12 a 
TA011 WHITE WHITE NO NO 2* c 7+8 e - b 
TA012 RED BROWN NO YES 2* c 7+8 g 5+10 -
TA014 RED WHITE YES YES 1 e 7+8 g 2+12 -
TA015 RED WHITE YES YES 2* e 7+8 e 2+12 a 
TA016 RED BROWN NO NO 2* c 7+8 g 2+12 b 
TA018 RED BROWN NO YES 2* c 7+8 g 5+10 b 
TA019 RED BROWN NO YES 1 c 7+8 e 2+12 b 
TA021 RED WHITE NO NO 2* c 7+8 e 5+10 a 
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Appendix 1 (continued) 
Population Seed Color Chaff Color 1AL.1RS SBWMV Glu-A1      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
        
      
      
      
      
      
      
      
        
      
Glu-A3 Glu-B1 Glu-B3 Glu-D1 Glu-D3
TA022 RED WHITE NO NO 1 c 7+8 e 2+12 a 
TA024 RED BROWN NO YES 1 c 7+9 g 5+10 a 
TA025 RED BROWN NO NO 2* c 7+9 g 2+12 a 
TA026 WHITE BROWN NO NO 2* c 7+9 g 2+12 b 
TA027 RED BROWN NO YES 2* c 7+8 g 2+12 b 
TA028 RED WHITE YES YES 1 e 7+9 e 5+10 b 
TA029 RED BROWN NO YES - c 7+9 g 2+12 a 
TA030 RED WHITE NO NO 1 c 7+8 e 5+10 a 
TA032 RED BROWN YES NO 1 e 7+9 g 5+10 a 
TA033 RED BROWN NO NO 1 c 7+8 g 5+10 a 
TA035 RED WHITE YES NO 1 e 7+8 e - b 
TA036 RED BROWN NO NO 1 c 7+8 g 5+10 b 
TA037 WHITE WHITE NO NO 2* c 7+8 g 2+12 b 
TA038 RED WHITE YES NO 1 e - e 5+10 a 
TA039 RED WHITE NO YES 1 c 7+9 g - b 
TA040 RED WHITE NO NO 2* c 7+8 g 2+12 a 
TA041 RED BROWN NO NO - c 7+9 g 2+12 b 
TA043 RED BROWN NO YES - c 7+9 g 5+10 -
TA044 RED WHITE YES NO - e 7+9 e 5+10 b 
TA045 RED BROWN NO YES 2* c 7+9 g 2+12 a 
TA048 WHITE BROWN NO YES 2* c 7+8 g 2+12 b 
TA049 WHITE BROWN NO NO 2* c 7+9 g 2+12 b 
TA052 RED BROWN NO YES 1 c 7+9 g 2+12 b 
TA053 WHITE WHITE NO NO 1 c 7+8 g 5+10 b 
TA054 RED BROWN NO YES 1 c 7+8 g 5+10 b 
TA056 RED BROWN NO NO 2* c 7+9 g 2+12 -
TA057 RED BROWN YES NO - e - g 5+10 a 
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Appendix 1 (continued) 
Population Seed Color Chaff Color 1AL.1RS SBWMV Glu-A1      
        
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
      
Glu-A3 Glu-B1 Glu-B3 Glu-D1 Glu-D3
TA058 RED BROWN YES NO 2* e 7+9 e 5+10 -
TA059 RED WHITE NO YES 2* c 7+8 e 5+10 a 
TA060 SEG. BROWN NO NO 1 c 7+9 g 5+10 b 
TA062 RED BROWN YES NO 1 e 7+8 g - b 
TA063 RED BROWN NO YES 2* c 7+9 g - b 
TA064 RED BROWN YES YES - e 7+8 e 2+12 a 
TA065 RED WHITE NO YES 2* c 7+9 g 5+10 b 
TA066 RED WHITE NO NO 2* c 7+9 e 5+10 a 
TA067 WHITE WHITE NO YES 1 c 7+9 g 5+10 b 
TA071 RED BROWN NO YES 1 c 7+9 g 2+12 b 
TA072 RED BROWN NO YES 1 c 7+9 g 2+12 b 
TA073 RED BROWN NO NO 2* c 7+8 g 5+10 b 
TA074 RED BROWN NO YES 1 c 7+8 g 2+12 a 
TA075 WHITE WHITE NO NO 2* c 7+8 g 2+12 b 
TA076 RED WHITE NO YES 1 c 7+8 g 2+12 a 
TA077 RED BROWN NO NO 2* c 7+9 g 2+12 a 
TA078 RED BROWN NO YES 2* c 7+8 g 5+10 a 
TA080 RED WHITE NO NO - c 7+9 e 5+10 a 
TA081 RED BROWN NO YES 1 c 7+8 g 5+10 a 
TA082 RED BROWN NO YES 1 c 7+8 e 5+10 a 
TA083 RED WHITE NO YES 2* c 7+8 g 2+12 a 
TA084 RED WHITE YES NO 1 e 7+8 g 5+10 a 
TA085 RED BROWN NO NO 1 c 7+9 g 5+10 b 
TA086 RED SEG. YES YES 1 e 7+8 g - b 
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Appendix 1 (continued) 
Population Seed Color Chaff Color 1AL.1RS SBWMV Glu-A1      
      
      
      
      
      
      
      
      
      
      
      
      
         
         
      
          
      
          
      
          
      
        
         
          
      
      
Glu-A3 Glu-B1 Glu-B3 Glu-D1 Glu-D3
TA087 RED WHITE NO NO 2* c 7+9 e 5+10 b 
TA088 RED WHITE NO YES 1 c 7+9 e 5+10 b 
TA089 RED WHITE NO YES 2* c 7+8 g - b 
TA090 WHITE BROWN NO NO - c - e 5+10 b 
TA092 RED WHITE NO YES 2* c 7+9 e 5+10 a 
TA093 WHITE BROWN YES NO - e 7+9 e 5+10 a 
TA096 RED BROWN NO YES 2* c 7+8 g 2+12 b 
TA097 RED WHITE NO NO 2* c 7+9 g 5+10 a 
TA098 RED BROWN NO YES 2* c 7+9 g 5+10 a 
TA100 RED WHITE NO NO 2* c 7+8 e 5+10 b 
TA102 RED BROWN NO NO 2* c 7+8 g 2+12 b 
TA103 RED WHITE NO YES 1 c 7+9 g 5+10 a 
TA104 RED WHITE YES NO 1 e 7+8 - 5+10 a 
TA105 RED WHITE NO NO 2* c 7+9 - 2+12 b 
TA106 WHITE WHITE NO YES 2* c 7+9 e - b 
TA107 WHITE BROWN NO YES - c 7+9 - - -
TA108 RED BROWN NO YES 2* c 7+9 e 5+10 a 
TA110 RED WHITE NO NO - c 7+9 - - -
TA111 RED WHITE NO YES 1 c 7+8 e 5+10 a 
TA113 RED WHITE NO NO - c 7+8 - - -
TA114 RED BROWN NO NO 2* c 7+8 e 5+10 a 
TA116 WHITE WHITE NO NO 2* c 7+8 g 2+12 -
TA117 RED WHITE YES NO 1 e 7+8 - 5+10 a 
TA118 RED BROWN YES YES - e 7+8 - - -
TA119 WHITE WHITE NO NO - c 7+9 g 5+10 a 
TA122 RED BROWN NO YES 2* c 7+9 g 5+10 a 
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Appendix 1 (continued) 
Population Seed Color Chaff Color 1AL.1RS SBWMV Glu-A1      
      
          
          
          
          
      
          
      
      
      
      
      
          
      
          
          
      
          
          
          
      
      
          
      
      
      
Glu-A3 Glu-B1 Glu-B3 Glu-D1 Glu-D3
TA123 RED WHITE NO NO 2* c 7+8 e 2+12 b 
TA125 RED BROWN NO NO - c 7+9 - - -
TA126 RED BROWN NO NO - c 7+9 - - -
TA127 WHITE WHITE NO YES - c 7+9 - 2+12 -
TA128 RED BROWN NO NO - c - - 2+12 -
TA130 RED BROWN NO NO 2* c 7+8 g 5+10 a 
TA131 RED WHITE NO YES - c 7+9 - - -
TA132 RED BROWN NO NO 2* c 7+9 g 2+12 a 
TA133 RED WHITE NO NO 2* c 7+8 e 5+10 b 
TA134 RED WHITE NO NO 2* c 7+8 e 2+12 a 
TA135 RED WHITE NO NO 2* c 7+8 g 5+10 a 
TA137 RED BROWN NO YES 2* c 7+9 g - a 
TA138 RED BROWN NO NO - c 7+9 - - -
TA139 RED BROWN NO YES 2* c 7+9 g 5+10 a 
TA140 RED WHITE NO NO - c - - - -
TA142 RED WHITE NO YES - c 7+9 - - -
TA143 RED WHITE NO YES 2* c 7+8 e 2+12 b 
TA145 RED BROWN NO YES - c 7+8 - - -
TA146 RED WHITE NO YES - c 7+9 - - -
TA147 RED WHITE NO NO - c - - - -
TA148 RED WHITE YES YES 1 e - g 5+10 b 
TA149 RED BROWN NO NO 1 c 7+9 e 5+10 a 
TA151 RED BROWN NO YES - c 7+8 - - -
TA152 RED BROWN NO YES 1 c 7+8 g 5+10 a 
TA153 RED BROWN NO YES 1 c 7+9 e 2+12 b 
TA154 RED WHITE NO NO 1 c 7+8 e 5+10 a 
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Appendix 1 (continued) 
Population Seed Color Chaff Color 1AL.1RS SBWMV Glu-A1      
      
          
          
          
      
          
          
          
      
          
          
      
          
          
          
          
          
          
          
          
          
          
          
          
      
          
Glu-A3 Glu-B1 Glu-B3 Glu-D1 Glu-D3
TA155 WHITE WHITE YES YES 1 e 7+8 e 5+10 a 
TA157 RED WHITE NO YES - c - - - -
TA158 RED BROWN NO NO - c - - - -
TA159 RED WHITE NO NO - c 7+8 - - -
TA160 RED WHITE NO NO 1 c 7+9 g 2+12 b 
TA161 RED BROWN YES YES - e 7+9 - - -
TA162 RED BROWN NO NO - c 7+8 - 2+12 -
TA163 RED BROWN NO NO - c 7+8 - 2+12 -
TA164 RED WHITE NO YES - c 7+9 g 2+12 a 
TA165 RED BROWN NO YES - c - - 2+12 -
TA166 WHITE BROWN NO YES - c 7+9 - - -
TA168 RED WHITE YES NO 1 e 7+9 e 5+10 b 
TA169 RED BROWN NO NO - c 7+8 - 2+12 -
TA171 RED WHITE NO NO - c 7+9 - - -
TA172 RED BROWN NO NO - c 7+9 - 2+12 -
TA173 RED BROWN NO YES - c 7+8 - - -
TA174 RED WHITE YES NO - e 7+9 - - -
TA175 RED BROWN NO NO - c 7+9 - - -
TA176 RED WHITE YES NO - e 7+9 - - -
TA177 RED WHITE NO YES - c 7+8 - - -
TA178 RED WHITE NO NO - c 7+9 - - -
TA179 RED WHITE NO YES - c - - - -
TA180 RED WHITE NO NO - c 7+9 - - -
TA181 RED WHITE NO YES - c - - - -
TA182 RED WHITE YES YES 2* e 7+8 e 2+12 b 
TA183 WHITE BROWN NO NO - c 7+8 - - -
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Appendix 1 (continued) 
Population Seed Color Chaff Color 1AL.1RS SBWMV Glu-A1      
          
          
      
          
          
          
          
Glu-A3 Glu-B1 Glu-B3 Glu-D1 Glu-D3
TA184 WHITE WHITE YES NO - e 7+9 - - -
TA185 RED BROWN NO YES - c - - - -
TA186 WHITE BROWN NO NO - c - g 2+12 a 
TA188 WHITE WHITE NO YES - c 7+8 - 2+12 -
TA189 RED WHITE NO YES - c 7+9 - 2+12 -
TA190 RED WHITE YES NO - e 7+9 - 2+12 -
TA191 RED WHITE NO NO - c 7+8 - - -
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Appendix 2.  Description of the polymorphic SSR markers used to develop the genome-wide linkage map for the TAM 107-
R7/Arlin mapping population, as resolved on agarose or polyacrylamide gels.  Monomorphic markers are not 
listed. 
 
 
SSR 
MARKER 
FORWARD PRIMER 
SEQUENCE  (5' → 3') 
REVERSE PRIMER 
SEQUENCE  (5' → 3') 
 
Anneal
Temp 
°C 
barc10 GCGTGCCACTGTAACCTTTAGAAGA   GCGAGTTGGAATTATTTGAATTAAACAAG 55
barc101    GCTCCTCTCACGATCACGCAAAG GCGAGTCGATCACACTATGAGCCAATG 60
barc102    GGAGAGGACCTGCTAAAATCGAAGACA GCGTTTACGGATCAGTGTTGGAGA 52
barc1048   ACGTGGTAATTAGTTGGGAGTCTGTA GCGAAGTCAAGAAGTGGGCTTTTCAAGAG 60
barc108   GCGGGTCGTTTCCTGGAAATTCATCTAA GCGAAATGATTGGCGTTACACCTGTTG 60
barc110   CCCGAACAATGGCTTTGGTGTCGTAAT CATGGTGACGGCAAGTGTGAGGT 60
barc12    CGACAGAGTGATCACCCAAATATAA CATCGGTCTAATTGTCAATGTA 52
barc124   TGCACCCCTTCCAAATCT TGCGAGTCGTGTGGTTGT 50
barc126    CCATTGAAACCGGATTTGAGTCG CGTTCCATCCGAAATCAGCAC 55
barc136   GCGAGCTCACTGCACACTTACCC GCAACGCACCTTGATAATC 55
barc142   CCGGTGAGAGGACTAAAA GGCCTGTCAATTATGAGC 50
barc144    GCGTTTTAGGTGGACGACATAGATAGA GCGCCACGGGCATTTCTCATAC 60
barc148  GCGCAACCACAATGTATGCT GGGGTGTTTTCCTATTTCTT 50
barc163    GCGTGTTTTAAGGTATTTTCCATTTTCT GCGCATCCTGTTCCTCCATTCATA 55
barc164   TGCAAACTAATCACCAGCGTAA CGCTTTCTAAAACTGTTCGGGATTTCTAA 55
barc177   GCGATCCTGTTGTTGAGCGTTTGCATAA TCCCGTTTTCCCGTGTGTTAGTCTA 50
barc18   CGCTTCCCATAACGCCGATAGTAA CGCCCGCATCATGAGCAATTCTATCC 60
barc180    GCGATGCTTGTTTGTTACTTCTC GCGATGGAACTTCTTTTTGCTCTA 52
barc187   GTGGTATTTCAGGTGGAGTTGTTTTA CGGAGGAGCAGTAAGGAAGG 55
barc228   CCCTCCTCTCTTTAGCCATCC GCACGTACTATTCGCCTTCACTTA 55
barc230   CCCCTCCTCCTTCTCCCTCCTCCTA GGCTCATGCGGGCGTGTTTGG 60
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Appendix 2 (continued) 
SSR 
MARKER 
FORWARD PRIMER 
SEQUENCE  (5' → 3') 
REVERSE PRIMER 
SEQUENCE  (5' → 3') 
 
Anneal
Temp 
°C 
barc232 CGCATCCAACCATCCCCACCCAACA   CGCAGTAGATCCACCACCCCGCCAGA 60
barc303  GCGAGCTATGATCTGATGAGGAG GCGTGTCCTACTAATCCAACTTG 55
barc32    GCGTGAATCCGGAAACCCAATCTGTG TGGAGAACCTTCGCATTGTGTCATTA 60
barc52    GCGCCATCCATCAACCGTCATCGTCATA GCGAGGAAGGCGGCCACCAGAATGA 60
barc56   GCGGGAATTTACGGGAAGTCAAGAA GCGAGTGGTTCAAATTTATGTCTGT 55
barc62   TTGCCTGAGACATACATACACCTAA GCCAGAACAGAATGAGTGCT 52
barc67   GCGGCATTTACATTTCAGATAGA TGTGCCTGATTGTAGTAACGTATGTA 55
barc75    AGGGTTACAGTTTGCTCTTTTAC CCCGACGACCTATCTATACTTCTCTA 55
barc8    GCGGGAATCATGCATAGGAAAACAGAA GCGGGGGCGAAACATACACATAAAAACA 60
barc81   GCGCTAGTGACCAAGTTGTTATATGA GCGGTTCGGAAAGTGCTATTCTACAGTAA 60
barc83   AAGCAAGGAACGAGCAAGAGCAGTAG TGGATTTACGACGACGATGAAGATGA 55
barc90   GCGCTTGGGTTGCTTCGAGGAGGACA CGCAATCCTCTTCCCCGTGGCATAG 60
barc91   TTCCCATAACGCCGATAGTA GCGTTTAATATTAGCTTCAAGATCAT 50
cfd10   CGTTCTATGACGTGTCATGCT TCCATTTTCAAAAACACCCTG 60
cfd13    CCACTAACCAAGCTGCCATT TTTTTGGCATTGATCTGCTG 50
cfd15    CTCCCGTATTGAGCAGGAAG GGCAGGTGTGGTGATGATCT 52
cfd18    CATCCAACAGCACCAAGAGA GCTACTACTATTTCATTGCGACCA 60
cfd19    TACGCAGGTTTGCTGCTTCT GGAGTTCACAAGCATGGGTT 52
cfd211    AGAAGACTGCACGCAAGGAT TGCACTAAAGCATCTTCGTGTT 60
cfd226    CCACAAACTTTGATGAATGATTACT GCGCTATGCTTCATGACATT 60
cfd23   TAGCAGTAGCAGCAGCAGGA GCAAGGAAGAGTGTTCAGCC 52
cfd266    GAAAACAAAACCCATTTGCG AAGCTTCAGTGCCTTTGGAA 60
cfd287    TCAAGAAGATGCGTTCATGC GGGAGCTTTCCCTAGTGCTT 52
cfd29    GGTTGTCAGGCAGGATATTTG TATTGATAGATCAGGGCGCA 52
cfd35    GGGATGACACATAACGGACA ATCAGCGGCGCTATAGTACG 52
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Appendix 2 (continued) 
SSR 
MARKER 
FORWARD PRIMER 
SEQUENCE  (5' → 3') 
REVERSE PRIMER 
SEQUENCE  (5' → 3') 
 
Anneal
Temp 
°C 
cfd39 CCACAGCTACATCATCTTTCCTT   CAAAGTTTGAACAGCAGCCA 52
cfd40    GCGACAAGTAATTCAGAACGG CGCTTCGGTAAAGTTTTTGC 60
cfd49    TGAGTTCTTCTGGTGAGGCA GAATCGGTTCACAAGGGAAA 50
cfd51    GGAGGCTTCTCTATGGGAGG TGCATCTTATCCTGTGCAGC 60
cfd55    CCAGTAGCCGGCCCTACTAT GCACGAGATACGGACAATCA 52
cfd62    CAAGAGCTGACCAATGTGGA ACGGCGGTGAGATGAG 60
cfd78    ATGAAATCCTTGCCCTCAGA TGAGATCATCGCCAATCAGA 60
cfd84    GTTGCCTCGGTGTCGTTTAT TCCTCGAGGTCCAAAACATC 52
gdm116    GCTGCAATGCAAGGTCTCTT GATGTGGCTTTCTAAGGCAA 55
gdm132  ACCGCTCGGAGAAAATCC AGGGGGGCAGAGGTAGG 52
gdm63    GCCCCCTATTCCATAGGAAT CCTTTTGATGGTGCATAGGA 60
gdm88    TCCCACCTTTTTGCTGTAGA AAGGACAAATCCCTGCATGA 50
gdm99    AGGTTGTCCACTGCCTGTTC ATGTCGTCCTCGTCTCATCC 60
gwm111    TCTGTAGGCTCTCTCCGACTG ACCTGATCAGATCCCACTCG 55
gwm120   GATCCACCTTCCTCTCTCTC GATTATACTGGTGCCGAAAC 52
gwm133    ATCTAAACAAGACGGCGGTG ATCTGTGACAACCGGTGAGA 52
gwm135    TGTCAACATCGTTTTGAAAAGG ACACTGTCAACCTGGCAATG 50
gwm148   GTGAGGCAGCAAGAGAGAAA CAAAGCTTGACTCAGACCAAA 52
gwm149    CATTGTTTTCTGCCTCTAGCC CTAGCATCGAACCTGAACAAG 52
gwm18    TGGCGCCATGATTGCATTATCTTC GGTTGCTGAAGAACCTTATTTAGG 55
gwm186    GCAGAGCCTGGTTCAAAAAG CGCCTCTAGCGAGAGCTATG 60
gwm218   CGGCAAACGGATATCGAC AACAGTAACTCTCGCCATAGCC 52
gwm219    GATGAGCGACACCTAGCCTC GGGGTCCGAGTCCACAAC 55
gwm249    CAAATGGATCGAGAAAGGGA CTGCCATTTTTCTGGATCTACC 52
gwm251    CAACTGGTTGCTACACAAGCA GGGATGTCTGTTCCATCTTAG 52
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Appendix 2 (continued) 
SSR 
MARKER 
FORWARD PRIMER 
SEQUENCE  (5' → 3') 
REVERSE PRIMER 
SEQUENCE  (5' → 3') 
 
Anneal
Temp 
°C 
gwm282 TTGGCCGTGTAAGGCAG   TCTCATTCACACACAACACTAGC 52
gwm3   GCAGCGGCACTGGTACATTT AATATCGCATCACTATCCCA 50
gwm337   CCTCTTCCTCCCTCACTTAGC TGCTAACTGGCCTTTGCC 52
gwm349    GGCTTCCAGAAAACAACAGG ATCGGTGCGTACCATCCTAC 52
gwm350    ACCTCATCCACATGTTCTACG GCATGGATAGGACGCCC 52
gwm369    CTGCAGGCCATGATGATG ACCGTGGGTGTTGTGAGC 52
gwm371    GACCAAGATATTCAAACTGGCC AGCTCAGCTTGCTTGGTACC 52
gwm372   AATAGAGCCCTGGGACTGGG GAAGGACGACATTCCACCTG 55
gwm374    ATAGTGTGTTGCATGCTGTGTG TCTAATTAGCGTTGGCTGCC 52
gwm400    GTGCTGCCACCACTTGC TGTAGGCACTGCTTGGGAG 52
gwm427    AAACTTAGAACTGTAATTTCAGA AGTGTGTTCATTTGACAGTT 50
gwm448    AAACCATATTGGGAGGAAAGG CACATGGCATCACATTTGTG 50
gwm459    ATGGAGTGGTCACACTTTGAA AGCTTCTCTGACCAACTTCTCG 52
gwm471    CGGCCCTATCATGGCTG GCTTGCAAGTTCCATTTTGC 50
gwm493    TTCCCATAACTAAAACCGCG GGAACATCATTTCTGGACTTTG 50
gwm495    GAGAGCCTCGCGAAATATAGG TGCTTCTGGTGTTCCTTCG 52
gwm501    GGCTATCTCTGGCGCTAAAA TCCACAAACAAGTAGCGCC 52
gwm508    GTTATAGTAGCATATAATGGCC GTGCTGCCATGATATTT 50
gwm52   CTATGAGGCGGAGGTTGAAG TGCGGTGCTCTTCCATTT 50
gwm526    CAATAGTTCTGTGAGAGCTGCG CCAACCCAAATACACATTCTCA 52
gwm533    AAGGCGAATCAAACGGAATA GTTGCTTTAGGGGAAAAGCC 50
gwm570    TCGCCTTTTACAGTCGGC ATGGGTAGCTGAGAGCCAAA 52
gwm583    TTCACACCCAACCAATAGCA TCTAGGCAGACACATGCCTG 52
gwm642   ACGGCGAGAAGGTGCTC CATGAAAGGCAAGTTCGTCA 50
gwm645    TGACCGGAAAAGGGCAGA GCCCCTGCAGGAGTTTAAGT 52
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Appendix 2 (continued) 
 
SSR 
MARKER 
FORWARD PRIMER 
SEQUENCE  (5' → 3') 
REVERSE PRIMER 
SEQUENCE  (5' → 3') 
 
Anneal
Temp 
°C 
gwm95 GATCAAACACACACCCCTCC   AATGCAAAGTGAAAAACCCG 50
gwm99    AAGATGGACGTATGCATCACA GCCATATTTGATGACGCATA 50
psp2999  TCCCGCCATGAGTCAATC TTGGGAGACACATTGGCC 50
scm9    TGACAACCCCCTTTCCCTCGT TCATCGACGCTAAGGAGGACCC 60
wmc104    TCTCCCTCATTAGAGTTGTCCA ATGCAAGTTTAGAGCAACACCA 52
wmc11    TTGTGATCCTGGTTGTGTTGTGA CACCCAGCCGTTATATATGTTGA 61
wmc125    ATACCACCATGCATGTGGAAGT ACCGCTTGTCATTTCCTTCTGT 52
wmc134    CCAAGCTGTCTGACTGCCATAG AGTATAGACCTCTGGCTCACGG 55
wmc161    ACCTTCTTTGGGATGGAAGTAA GTACTGAACCACTTGTAACGCA 52
wmc175    GCTCAGTCAAACCGCTACTTCT CACTACTCCAATCTATCGCCGT 55
wmc201    CATGCTCTTTCACTTGGGTTCG GCGCTTGCAGGAATTCAACACT 55
wmc215    CATGCATGGTTGCAAGCAAAAG CATCCCGGTGCAACATCTGAAA 52
wmc238    TCTTCCTGCTTACCCAAACACA TACTGGGGGATCGTGGATGACA 55
wmc264    CTCCATCTATTGAGCGAAGGTT CAAGATGAAGCTCATGCAAGTG 52
wmc296    GAATCTCATCTTCCCTTGCCAC ATGGAGGGGTATAAAGACAGCG 55
wmc323    ACATGATTGTGGAGGATGAGGG TCAAGAGGCAGACATGTGTTCG 55
wmc331    CCTGTTGCATACTTGACCTTTTT GGAGTTCAATCTTTCATCACCAT 52
wmc388    TGTGCGGAATGATTCAATCTGT GGCCATTAGACTGCAATGGTTT 52
wmc407    GGTAATTCTAGGCTGACATATGCTC CATATTTCCAAATCCCCAACTC 52
wmc417   GTTCTTTTAGTTGCGACTGAGG CGATGTATGCCGTATGAATGTT 52
wmc418    AGAGCAGCAAGTTGTGTAGCCA TGAAGCTATTGCCAGCACGAG 61
wmc443   CCTCCTCTGTTTTCCCTCTGTT CACACTCTGTGCTTCTGTTTGC 60
wmc508    AGCCCTTGAGTTGGTCTCATTT GAGCAGAGCTCCACTCACATTT 52
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MARKER 
FORWARD PRIMER 
SEQUENCE  (5' → 3') 
REVERSE PRIMER 
SEQUENCE  (5' → 3') 
 
Anneal
Temp 
°C 
wmc517 ATCCTGACGTTACACGCACC   ACCTGGAACACCACGACAAA 52
wmc522    AAAAATCTCACGAGTCGGGC CCCGAGCAGGAGCTACAAAT 52
wmc553    CGGAGCATGCAGCTAGTAA CGCCTGCAGAATTCAACAC 52
wmc580    AAGGCGCACAACACAATGAC GGTCTTTTGTGCAGTGAACTGAAG 52
wmc59    TCATTCGTTGCAGATACACCAC TCAATGCCCTTGTTTCTGACCT 52
wmc593  GGGGAGAAGCAGCAGGG CGCGCGGTTGCCGGTGG 55
wmc632    GTTTGATTGGTCGTTCCTGGTC AACAGCGAATGGAGGGCTTTAG 55
wmc634    AGCGAGGAGGATGCATCTTAT GACATACACATGATGGACACG 52
wmc658    CTCATCGTCCTCCTCCACTTTG GCCATCCGTTGACTTGAGGTTA 55
wmc664  GGGCCAACAAATCCAAT TCTACTTCCTTCATCCACTCC 50
wmc671    GTACGTCAAAGAAAGAGAATTACCTC CTCAGAGATATATCTTCGTTGTCAGT 55
wmc70  GGGGAGCACCCTCTATTGTCTA TAATGCTCCCAGGAGAGAGTCG 55
wmc707    GCTAGCTGACACTTTTCCTTTG TCAGTTTCCCACTCACTTCTTT 52
wmc710    GTAAGAAGGCAGCACGTATGAA TAAGCATTCCCAATCACTCTCA 52
wmc719    TTGTGGGAATCTACATCAGAAGG AACAGCCACGCTCTATCTTCAGT 55
wmc728  GCAGGCTCTGCATCTTCTTG CGCAGAGCTGAGCTGAAATC 52
wmc752    CCGATTGTAGATCAAAAGCC TCTAGAGAGTCTTTTTCCCGAGC 52
wmc760    ATCATACGGCTTCCCCTTCC CAGGCGGTGTATTGTGTTCG 52
wmc765    GGGATCAGACTGGGACTGGAG GGGTTGGCTTGGCAGAGAA 55
wmc770    TGTCAGACTTCCTTTGATCCCC AAGACCATGTGACGTCCAGC 55
wmc773   GAGGCTTGCATGTGCTTGA GCCAACTGCAACCGGTACTCT 52
wmc776    CCATGACGTGACAACGCAG ATTGCAGGCGCGTTGGTA 52
wmc777    GCCATCAAGCGGATCAACT GTAGCGCCCTGTTTCACCTC 52
wmc783    AGGTTGGAGATGCAGGTGGG TCTTCCTTCTCCTGCCGCTA 55
wmc786   GGGTCACCAACCCGCTC CGTGGGTGCAATTCTCAGG 61
wmc799    CGTACGTACGCCTGTACCCTTG AATCTTGGGCGTCTAATCTTTTGC 55
 
50 
 
 
 
 
 
 
 
 
 
  
  
 
 
 
 
 
 
 
CHAPTER 2 
 
Identification of a Wheat Soilborne Mosaic Virus Resistance Locus and the Effect of 
the Disease on Agronomic and End-use Quality Traits. 
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ABSTRACT 
 
Wheat soilborne mosaic virus (WSBMV) is a sporadic yet devastating disease in 
wheat (Triticum aestivum L.) growing regions and can reduce grain yield up to 85%.  
Previous WSBMV studies have used small experiments to characterize the disease, study 
inheritance, and map resistance; however, comprehensive studies using a large mapping 
population have not yet been conducted.  A population of 154 F6:8 recombinant inbred 
lines (RILs) was developed from the cross TAM 107-R7/Arlin to evaluate the effects of 
WSBMV on agronomic and end-use quality performance in two environments, and map 
resistance to the disease.  Based on the 1:1 disease segregation ratio obtained from 
ELISA and field phenotypic data, members of the population were classified as resistant 
or susceptible.  The resistance locus SbmTmr1 mapped to the long arm of chromosome 
5D, a similar location as to those previously published.  The marker wPt-5870 locus is 
2.5 cM proximal from SbmTmr1.  Based on ELISA data from foliar and root tissues, the 
resistance gene inhibited viral replication or assembly within the plant.  In the presence of 
the disease, grain yield was reduced by 30% in susceptible lines compared to the resistant 
RILs with significant differences observed in all agronomic traits except for kernel 
weight per spike and kernels per spike.  Flour protein content was increased on average 
of 3.6 g kg-1 in grain for susceptible lines.  However, Mixograph peak time and mixing 
tolerance, the major end-use quality traits measured, were not significantly different 
between the groups, suggesting that WSBMV does not negatively affect end-use quality. 
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INTRODUCTION 
 
Wheat soilborne mosaic virus (WSBMV) is a threat in many winter wheat 
(Triticum aestivum L.) growing regions and has been reported as a disease in small grains 
for nearly a century in the United States (McKinney et al., 1923).  A similar virus, 
Soilborne cereal mosaic virus (SBCMV) found in Europe, Asia, and South America 
shares partial genome identity with WSBMV (Clover et al., 1999).  WSBMV was 
taxonomically classified into the genus Furovirus with a positive bipartite RNA genome 
structure (Shirako and Wilson 1993).  The infection cycle of WSBMV requires zoospores 
of the common soil plasmodiophorid Polymyxa graminis Ledingham (Rao and Brakke, 
1969) that have been reported to survive for ten years in the soil (Adams, 1990).  Cereal 
seedlings are infected when cool temperatures (< 20°C) and high soil moisture occur for 
extended periods following planting (Himmel et al., 1992; Rao and Brakke, 1969).  After 
root infection by P. graminis, WSBMV moves into the xylem where it is translocated 
throughout the plant (Himmel et al., 1991; Kanyuka et al., 2003; Verchot et al., 2001).  
Mechanisms for resistance have been thought to restrict virus translocation, inhibit 
assembly of the virus, or prevent P. graminis from vectoring the virus (Driskel et al., 
2002; Meyers et al., 1993).  Disease symptoms occur in early spring and are favored by 
the same conditions required for infection.  Susceptible plants show yellow mottling and 
mosaic patterns on the leaves, delayed development, and overall plant stunting that can 
persist until harvest.  Thus, resistant cultivars are the only realistic and economically 
suitable method to control WSBMV. 
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Previous studies have consistently reported yield losses of between 30 to 50% 
(Campbell et al., 1975; Hunger et al., 1989; Myers et al., 1993; Nykaza et al., 1979; 
Palmer and Brakke, 1975), with a maximum of 85% (Bever and Pendleton 1954).  
Reductions in tiller number, kernel weight, plant height, and plant maturity have also 
been observed in small experiments that used selected resistant and susceptible wheat 
cultivars (Campbell et al. 1975; Hunger et al., 1989; Nykaza et al., 1979); however, end-
use quality has not been a major focus of WSBMV research.  A single report by Finney 
and Sill (1963) found that WSBMV affected milling properties but did not negatively 
affect end-use quality. 
Results from WSBMV inheritance studies have ranged from monogenic to 
oligogenic gene actions (Barbosa et al., 2001; Dubey et al., 1970; Merkle and Smith, 
1983; Modawi et al., 1982; Nakagawa et al., 1959; Shaalan et al., 1966) but all of these 
studies acknowledge that a single gene is adequate for resistance.  A QTL mapped on 
chromosome 5D by Narasimhamoorthy et al. (2006) was the first published report on the 
location of WSBMV resistance and was contributed from the hard red winter wheat 
cultivar ‘Karl 92’ (PI 564245; Sears et al., 1997b).  The SBCMV resistance locus Sbm1 
was also mapped on 5D by Bass et al. (2006) identified in the European cultivar 
‘Cadenza’.  Recently, Hall et al. (2009) identified a WSBMV resistance locus on 5D that 
was contributed from Aegilops tauschii and suggested that testing between U.S. and 
European germplasm needs to be conducted in order to determine if these WSBMV and 
SBCMV resistance loci are allelic or different.  The diagnostic marker recently identified 
by Perovic et al. (2009) might help uncover ancestral sources and facilitate allelism tests 
for resistance to WSBMV or SBCMV. 
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Previously, small field and greenhouse experiments using collected wheat 
cultivars have been used to conduct WSBMV research; however, comprehensive studies 
investigating the disease effects on important agronomic traits using a defined population 
structure and mapping resistance in the same population have not yet been conducted.  
This research is needed to develop a comprehensive understanding of the disease.  
Furthermore, none of the previous studies were done in Nebraska where the disease 
continues to spread and threaten wheat production.  Hence, the objectives were 1) to map 
WSBMV resistance and identify useful markers for marker-assisted selection, 2) to assess 
the impact of WSBMV disease in the TAM 107-R7/Arlin population in Nebraska by 
examining the effects of WSBMV on agronomic and end-use quality characters. 
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MATERIALS AND METHODS 
 
Development and Description of the Population 
Details and characteristics regarding the parental lines and the TAM 107-R7/Arlin 
recombinant inbred line (RIL) population were described in Chapter 1.  Briefly, the cross 
TAM 107-R7/Arlin was made in the late 1990’s at Colorado State University (CSU), the 
resulting F1 generation was grown in the greenhouse, and then individual F2 plants were 
inbred to the sixth generation using the single-seed decent method.  The population used 
in this study contains 154 F6:8 recombinant inbred lines (RILs). 
TAM 107-R7 is an unreleased hard red winter wheat sister line of ‘Prairie Red’ 
(PI 605390; Quick et al., 2001).  TAM 107-R7 has the pedigree CO850034/PI372129//5* 
‘TAM 107’.  TAM 107-R7 is similar in many respects to its backcross parent ‘TAM 107’ 
and sister line Prairie Red (Porter et al., 1987; Quick et al., 2001).  Resistance to 
WSBMV was incorporated unknowingly into TAM 107-R7 during development and the 
source of resistance is unknown. 
The hard white winter wheat cultivar ‘Arlin’ (PI 564246; Sears et al., 1997a) was 
developed cooperatively and released in 1992 by the Kansas Agricultural Experiment 
Station and USDA-ARS.  The pedigree of Arlin is lost but it has been described as being 
a white seeded selection from a bulk population formed between crosses involving hard 
red spring and hard red winter wheat (Sears et al., 1997a).  Arlin is susceptible to 
WSBMV (Sears et al., 1997a). 
 
WSBMV Phenotyping and Detection 
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The field experiments were phenotyped for WSBMV symptoms using a four-
point scale (0 to 3) as described by Hunger et al. (1989), where 0 or 1 were resistant and 
2 or 3 were susceptible.  Detection of WSBMV in plant tissue was conducted using 
enzyme-linked immunosorbent assay (ELISA).  Disease scoring and tissue collection for 
ELISA occurred 114 d after January 1 both years.  Leaf samples were gathered from 
within each plot and twenty random root samples (ten susceptible and ten resistant) were 
collected from each replication to screen with ELISA.  The tissue samples were placed in 
plastic bags, stored in ice, and frozen at -80°C until needed.  Sap from each sample was 
extracted using a sap extractor (Ravenel Specialties Co., Seneca, SC) with a 1:10 ratio of 
tissue to ELISA extraction buffer (Agdia Inc., Elkhart, IN).  Samples were tested in 
duplicate for WSBMV along with manufacturer’s positive and negative controls using 
double antibody sandwich ELISA kit following the manufacturer’s directions (Agdia Inc., 
Elkhart, IN).  The absorbance of the samples and controls was measured at 405 nm on a 
BioTek plate reader (BioTek Instruments, Winooski, VT) and averaged.  Prior to 
destructive analysis, the sampled plants (whole plants) were phenotyped using the Feekes 
growth scale to determine growth stage (Feekes, 1941) difference between resistant and 
susceptible RILs.  The number of fully formed tillers was also determined.   
Additionally, random samples were collected and tested at the University of 
Nebraska-Lincoln Plant & Pest Diagnostic Clinic to verify the presence or absence of 
Wheat streak mosaic virus (WSMV) and Wheat spindle steak mosaic virus (WSSMV) 
and Barley yellow dwarf virus (BYDV). 
 
Molecular Markers and Linkage Mapping 
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Simple sequence repeat (SSR) markers and diversity arrays technology (DArT; 
Triticarte Pty. Ltd., Yarralumla ACT, Australia) genotyping, described by Akbari et al. 
(2006) and Jaccoud et al. (2001), were used to identify polymorphic loci to develop a 
genome-wide linkage map.  Methods for genomic DNA extraction, PCR, and 
polyacrylamide gel electrophoresis were conducted as described by Kuleung et al. (2004).  
The SSR primer pair sequences and annealing temperatures used in this study are 
available on the GrainGenes website (http://wheat.pw.usda.gov/GG2/index.shtml; 
verified March 27, 2010).  Primer design to convert DArT markers (clone sequence 
available from Triticarte Pty. Ltd.) to sequence tagged site (STS) markers was done with 
Primer3 software (Rozen and Skaletsky, 2000).  A bimodal resistant and susceptible 
disease scoring method was used to simulate a genetic locus in order to map WSBMV 
resistance.  The genome-wide linkage map was constructed with MAPMAKER/EXP 3.0 
(Lander et al., 1987; Lincoln et al., 1993) using a logarithm of the odds (LOD) threshold 
of 3.0 and the Kosambi mapping function (Kosambi, 1944) as described in Chapter 1.   
 
Experimental Design and Data Collection 
The 154 F6:8 TAM 107-R7/Arlin RILs, the two parental lines, three Nebraska 
cultivars ‘Goodstreak’ (PI 632434; Baenziger et al., 2004), ‘Millennium’ (PI 613099; 
Baenziger et al., 2001a), ‘NE01643’ (PI 647959; Baenziger et al., 2008), which is sold 
under the name Husker Genetics Brand ‘Overland’, and one USDA-ARS Nebraska 
cultivar, ‘Wesley’ (PI 605742; Peterson et al., 2001) were grown under rainfed conditions 
for two-growing seasons from 2007 to 2009 in a field at the University of Nebraska 
(Lincoln) with a history of WSBMV disease present over the last five-years.  An alpha-
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lattice incomplete block design randomized with sixteen incomplete blocks of ten lines 
nested in each of three replications was conducted at each environment.  Plots consisted 
of four rows that were 2.4 m long with 30 cm between each row and planted with 66 kg 
of seed per ha-1.  Common fungal diseases were controlled with an application of the 
foliar fungicide Headline (active ingredient: pyraclostrobin: (carbamic acid, [2-[[[1-(4-
chlorophenyl)-1H-pyrazol-3-yl]oxy]methyl]phenyl]methoxy-, methyl ester); BASF, 
Research Triangle Park, NC) just before heading following the manufactures instructions. 
Seven agronomic traits and five yield component traits were obtained from each 
plot at all environments.  Heading date (HD) was determined as the number of days from 
January 1 until 50% of the spikes in a plot had emerged completely from the flag leaf 
sheath.  Anthesis date (AD) was determined as the number of days from January 1 until 
50% of the spikes in a plot had anthers extruded.  Physiological maturity date (MAT) was 
determined as the number of days from January 1 when 50% of the peduncles in a plot 
had turned from green to yellow.  Grain fill duration (GFD) was determined by 
subtracting AD from MAT, which estimates the time from fertilization to complete seed 
fill.  Mature plant height (PHT) was recorded in cm after MAT and measured from the 
soil surface to the tip of the spike, awns excluded.  All four rows were harvested with a 
combine and weighed to determine plot grain yield (GYLD) in kg ha-1.  Grain volume 
weight (GVW) was measured in kg hL-1 using a 200-mL sample with a volumetric scale 
(Seedburo Equipment Co. Chicago, IL).  Thousand-kernel weight (TKW) was 
determined by counting 1000 seeds and measuring the weight in grams.  All seeds were 
electronically counted using an Agriculex ESC-1 seed counter (Agriculex Inc., Guelph, 
Ontario).  The components of yield were estimated by threshing, weighing, and counting 
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seeds of ten randomly selected heads from each plot at each environment.  Kernel weight 
per spike (KWS) and the number of kernels per spike (KPS) were obtained from the ten 
head samples.  Kernels per square meter (KPSM) data were obtained using yield m-2 and 
single kernel weight.  Spikes per square meter (SPSM) data were estimated using yield 
m-2 and single spike weight.  Winterkilling and lodging did not occur. 
End-use quality testing was conducted using 50 g of seed from two replications in 
each environment (Fufa et al., 2005) at the Nebraska Seed Quality Laboratory (Lincoln, 
NE) using approved methods (American Association of Cereal Chemists, 2000).  
Samples were tempered to 152 g H20 kg-1 using Method 26-95 (American Association of 
Cereal Chemists, 2000) and milled in a Brabender Quadrumat Junior Mill (C.W. 
Brabender Instruments, South Hackensack, NJ).  The flour yield (FY) was determined in 
grams after the bran was separated from the flour using a U.S. Standard Sieve No. 70 on 
an oscillating shaker (Strand, Minneapolis, MN) spinning at 225 rpm for 100 s.  Near-
infrared reflectance spectroscopy was used to determine flour protein content (PROT) in 
g kg-1 of each milled grain sample following Method 39-11 (American Association of 
Cereal Chemists, 2000).  Mixograph testing was conducted on a 10 g flour sample to 
determine the mixing characteristics of each entry on a Mixograph machine (National 
Manufacturing Co., Lincoln, NE) using Method 54-40A (American Association of Cereal 
Chemists, 2000) with the flour water absorption of 610 g H20 kg-1.  Mixograph peak time 
(MPT) was determined as the time in minutes for maximum dough resistance and 
Mixograph tolerance (TOL) was scored using a 0 to 7 scale (Baenziger et al., 2001b). 
 
Statistical Analysis 
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Statistical analysis was conducted using the SAS software package (SAS Institute, 
2003).  Analysis of variance (ANOVA) was conducted using PROC MIXED considering 
environments and genotypes as fixed effects, replication and incomplete blocks within 
environments as random effects for all traits.  Individual ANOVAs were conducted and 
variance homogeneity was tested before conducting combined ANOVA using the Fmax 
calculation; a value < 6 was considered homogeneous (Tabachnick and Fidell, 2001).  
The PROC CORR command was used to determine the Pearson correlation coefficients 
for all trait combinations using the entry means.  An ELISA threshold was calculated as 
two times the negative (healthy) control mean to interpret the data (Sutula et al., 1986).  
The resistant and susceptible groups within the TAM 107-R7/Arlin population were used 
to identify the effect of the disease on agronomic and end-use quality traits.  The means 
of all traits in each group were tested using PROC TTEST to test for a significant 
difference (P < 0.05). 
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RESULTS AND DISCUSSION 
 
SBWMV Reaction in the Population 
Field plots at Lincoln in 2008 and 2009 had climatic conditions conducive for 
WSBMV infection and symptom development compared to previous years (Table 1 and 
2).  Uniform disease symptoms occurred during both growing years and disease escapes 
were not observed since lines did not change from resistant or susceptible or visa versa 
based on ELISA or phenotypic data.  In 2009, a slight decrease in symptom severity was 
observed in the southern section of the field.  Susceptible plots showed characteristic 
WSBMV disease symptoms and were stunted at Feekes stage 3 (Feekes, 1941) while the 
resistant RILs were vigorously growing at Feekes stage 5 to 6 during tissue collection and 
phenotyping.  Additionally, the numbers of tillers per plant were doubled in resistant 
RILs at this stage (results not shown). 
ELISA tests for WSBMV were positive, but tests for WSMV, WSSMV, and 
BYDV were negative, hence the only viral disease in the field was WSBMV.  The 
ELISA threshold was calculated at 0.1506, values below the threshold are indicative of 
resistance and values above the threshold are indicative of susceptibility (Figure 1).  
TAM 107-R7 and Arlin had absorbance means of 0.0797 and 0.2653, respectively (Table 
3).  The positive control had a mean absorbance of 0.3176 and the negative control had a 
mean absorbance of 0.0753.  The absorbance levels detected for the negative control and 
resistant RILs are due to the buffer solution and not viral particles.  The RIL population 
had an ELISA absorbance mean of 0.1592 and ranged from 0.0719 to 0.3096.  
Absorbance means of susceptible root samples (0.3373) were higher than that observed in 
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susceptible leaf tissue (0.2376).  Additionally, the virus was not detected in the roots of 
resistant RILs which suggested that the virus cannot establish itself within root cells or 
that P. graminis cannot vector the virus into the roots of resistant RILs (Larsen et al. 
1985).  The resistant plants appeared to be immune to the disease.  These results differ to 
those found by Himmel et al. (1991) and Verchot et al. (2001) who detected WSBMV in 
roots but not leaves of resistant genotypes; however as they used different WSBMV 
resistant germplasm.  Hence, their conclusions could have been based on a different 
resistance gene with a different mechanism.  Testing and observation via microscopy for 
P. graminis in root cells was not conducted. 
 
Linkage Mapping and Molecular Analysis 
The genome-wide linkage map of the TAM 107-R7/Arlin population was 
described in Chapter 1 and agronomic and end-use quality QTLs will be discussed in 
Chapter 3 to allow discussion on the possible confounding of these traits due to the 
severity of the disease.  Grouping based on the ELISA threshold (Figure 1) and field 
phenotyping identified 75 RILs that were resistant and 79 RILs that were susceptible to 
the disease, which fits a 1:1 ratio (P = 0.7472) for a single gene.  The bimodal 
segregation data mapped to the linkage group corresponding to the long arm of 
chromosome 5D (Figure 2) that spans 109.7 cM with 12 loci.  The resistance locus has 
been given the temporary designator following conditions described by McIntosh et al. 
(2008).  The locus is named SbmTmr1, where ‘Tm’ is from TAM and ‘r’ is from the 
derived line at CSU. 
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The locus SbmTmr1 is positioned at 27.1 cM on the 5DL linkage group with a 
proximal marker locus wPt-5870 positioned 2.5 cM away and a distal marker locus 
(Xwmc765) positioned 15.2 cM away.  SSR marker loci on this linkage group correspond 
to those mapped by Somers et al. (2004).  The lack of closely linked markers in this 
region is a concern and the identification of other polymorphic marker loci will be needed.  
The flanking marker regions of the SbmTmr1 locus did not fit the expected 1:1 ratio.  
Specifically, the proximal region loci (Xcfd10, Xwmc161b, and Xbarc177) significantly 
deviated (P < 0.0001) towards the susceptible allele but the distal marker locus Xwmc765 
significantly deviated (P < 0.0001) towards the resistant allele.  It is currently unknown if 
SbmTmr1-5D is allelic or different from those identified by Bass et al. (2006), Hall et al. 
(2009), and Narasimhamoorthy et al. (2006). 
Efforts to convert the polymorphic DArT marker wPt-5870 into a polymorphic 
STS marker from the clone sequence of wPt-5870 obtained from Triticarte Pty. Ltd. 
(Yarralumla ACT, Australia) were unsuccessful.  Recently, two diagnostic alleles at locus 
Xgwm469-5DL were found to co-segregate with SBCMV resistance on 5DL using the 
marker GWM469; however, the alleles could not be identified in the TAM 107-R7/Arlin 
population mainly because they are not resolvable on agarose or polyacrylamide gels 
(Perovic et al., 2009).  Thus, collaborative efforts with other wheat breeders and regional 
genotyping centers are being pursued to screen TAM 107-R7, Arlin, and the population 
for Xgwm469-5DL using more sensitive genotyping techniques. 
Resistance observed in the parental line TAM 107-R7 originated during its 
development at CSU because TAM 107, the backcross parent, is susceptible to WSBMV 
(Porter et al., 1987).  Other lines used to develop TAM 107-R7 are PI372129 and 
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CO850034.  PI372129 is susceptible to WSBMV according to the USDA-ARS 
Germplasm Resources Information Network (GRIN; www.ars-grin.gov/npgs; verified 27 
March 2010).  The pedigree of the breeding line CO850034 is 
NS14/NS603//Newton/3/PB835 and the line was phenotyped in the 1990 and 1991 
USDA-ARS Hard Winter Wheat Southern Regional Performance Nursery 
(http://www.ars.usda.gov/Research/docs.htm?docid=11932; verified 27 March 2010) as 
being moderately resistant to WSBMV.  The presence of ‘Newton’ (Heyne and Niblett, 
1978) in the pedigree of CO850034 might indicate the source of the resistance, as 
Newton is highly resistant.  The remaining genotypes in the pedigree of CO850034 have 
never been phenotyped for WSBMV reaction; hence it is possible they could be the 
source of WSBMV resistance. 
Molecular marker alleles identified in common between various populations 
could be used to understand lineage or similarity of resistance; however, Hall et al. (2009) 
found that the Xcfd10 280 bp allele for resistance in Aegilops tauschii was associated 
with susceptibility in hexaploid wheat used by Narasimhamoorthy et al. (2006).  This 
result was not a surprise as CFD10 is not a diagnostic marker for WSBMV resistance and 
linkage could easily be broken.  In the TAM 107-R7/Arlin population Xcfd10 mapped 
27.1 cM away from the SbmTmr1 locus.  The polymorphic allele sizes for the Xbarc110, 
Xbarc144, Xcfd10, Xgdm116, Xwmc443, Xwmc765 loci are not the same as those 
described by Bass et al. (2006), Hall et al. (2009), Narasimhamoorthy et al. (2006), and 
Perovic et al. (2009).  Since these marker alleles are not diagnostic, they may vary 
between different genotypes in both size and linear arrangement.  However, if the 
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diagnostic marker GWM469 can be used as described by Perovic et al. (2009), it should 
be possible to identify the WSBMV resistance source in the pedigree of TAM 107-R7. 
 
SBWMV Effect on Agronomic Traits 
Variance homogeneity among individual environments (Appendix 2) was less 
than 6.0 and the data were analyzed in a combined ANOVA across both environments 
(Table 3).  In the combined analysis, environments, genotypes, and genotype by 
environment interaction (GEI) were significant (P < 0.01) for all agronomic traits.  The 
significant GEI observed in the combined ANOVA is likely due to the change in 
magnitude of the values for each trait of each genotype, rather than changes in rank or 
lines changing from resistant to susceptible or vice versa (Gomez and Gomez, 1984).  
Between the resistant and susceptible groups, significant differences were observed for 
all agronomic traits except for KWS and KPS (Table 4).  Susceptible RILs had delayed 
HD, AD, and MAT of 6, 5, and 3 d, respectively.  Grain fill duration was on average 2 d 
longer in the resistant group compared to the susceptible group and PHT of susceptible 
RILs was decreased by 11 cm on average.  Susceptibility reduced grain yield by 30% 
over the two growing seasons; however, in 2009, GYLD was reduced by 23% compared 
to the 37% reduction observed in 2008.  These results indicate that the disease was less 
severe in 2009 due to the warmer and dryer climatic conditions (Table 1 and 2) in early 
spring that created conditions that favored plant growth and disease suppression.  The 
check cultivars showed similar results as identified in the resistant and susceptible RIL 
groups and are in agreement with Campbell et al. (1975) and Nykaza et al. (1979). 
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SBWMV Effect on End-Use Quality Traits 
 Variance homogeneity among individual environments (Appendix 3) was less 
than 6.0 and the data were analyzed in a combined ANOVA across both environments 
(Table 6).  In the combined analysis, environments, genotypes, and GEI were significant 
(P < 0.01) for all end-use quality traits.  The significant GEI observed in the combined 
ANOVA is likely due to the change in magnitude of the values for each end-use quality 
trait of each genotype.  Flour yield and PROT were the only end-use quality trait 
significantly different (P < 0.05) between resistant and susceptible groups (Table 7).  The 
flour yield was negatively affected by the disease (0.6 g) and PROT was significantly 
higher in the susceptible RILs (3.6 g kg-1), which agrees with Finney and Sill (1963).  
The lack of significance between resistant and susceptible groups for MPT and TOL 
suggests that WSBMV did not have a negative effect on end-use quality and suggests that 
genotype by environment or background genetic effects did not exist. 
The effect of a disease on grain protein content varies with the disease.  For 
example, Septoria tritici blotch [caused by Mycosphaerella graminicola (anamorph: 
Septoria tritici Rob. ex Desm.)] reduced photosynthetic activity and plant development 
that in turn reduced overall carbohydrate availability and increased seed protein content 
of the susceptible genotypes (McKendry et al., 1995).  However, powdery mildew and 
leaf rust have been shown to reduce flour protein content (Caldwell et al., 1934; Everts et 
al., 2001; Johnson et al., 1979).  Baley et al. (2001) and Divis et al. (2006) found that 
WSMV resistant and susceptible genotypes did not significantly differ for end-use quality 
under WSMV infected conditions. 
 
 
 67
Phenotypic Correlation among Characters 
Field disease scoring and ELISA values produced the same disease reaction 
classification in the population, suggesting that either method may be used to distinguish 
resistant and susceptible genotypes.  Visual phenotyping is recommended because it is 
fast and eliminates the labor and monetary costs associated with ELISA values; however, 
the presence of additional abiotic or biotic stress could affect data.  ELISA values were 
significantly correlated with many agronomic traits except for GFD and KPS (Table 5).  
Heading date, AD, and MAT all had strong positive correlations with ELISA values.  The 
negative correlation observed between ELISA values and PHT (r = -0.63, P < 0.01) is 
similar to that identified by Narasimhamoorthy et al. (2006).  Grain yield also had a 
strong negative correlation (r = -0.74, P < 0.01) to ELISA values and consequently 
agreed with the strong positive correlation between GYLD and PHT (r = 0.65, P < 0.01), 
which indicated that taller (resistant) RILs produced higher grain yield.  These 
correlations were expected due to the severe affect of the disease on these traits. 
 ELISA values had a weak significant correlation with PROT (r = 0.19, P < 0.01) 
but MPT and TOL were not significantly correlated with ELISA.  The positive 
correlation observed between PROT and ELISA indicated that PROT was increased in 
susceptible RILs.  Mixograph peak time had a strong positive correlation with TOL (r = 
0.76, P < 0.01), which was expected.  Flour protein showed a weak negative correlation 
with both MPT (r = -0.33, P < 0.01) and TOL (r = -0.23, P < 0.01).  Agronomic traits 
were significantly correlated to some end-use quality characters under infected conditions.  
Heading date, AD, and MD date all had significant negative correlations with PROT.  
These same earliness traits had positive correlations with MPT and TOL.  Shorter 
 
 68
(susceptible) plants had increased flour protein based on the negative correlation (r = -
0.29, P < 0.01) and GYLD showed a negative correlation with PROT (r = -0.32, P < 
0.01).  Mixograph peak time and TOL had very weak correlations with all agronomic 
traits. 
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CONCLUSIONS 
 
  The TAM 107-R7/Arlin population provided the opportunity to conduct a 
comprehensive study on the response of wheat to WSBMV infection.  Uniform infections 
of WSBMV are rare and disease escapes occur frequently; thus the disease should be 
evaluated using multiple replications at multiple environments coupled with ELISA and 
field phenotyping WSBMV detection methods.  The Lincoln environment provided 
conditions for both infection and symptom development and should be useful for further 
studies on WSBMV in Nebraska, since uniform disease infections occurred over multiple 
years. 
Since WSBMV was not detected in roots of resistant RILs, the mechanism for 
resistance in the population worked to restrict WSBMV assembly, inhibited P. graminis 
from vectoring WSBMV or prevented P. graminis from entering the plant.  This result 
suggested that resistance provided immunity to the disease.  Segregation for both 
phenotypic symptoms and ELISA data gave the same result and fit the expected 1:1 ratio 
for a single gene that led to the mapping of the WSBMV resistance locus SbmTmr1 on 
the long arm of chromosome 5D.  The closely linked marker wPt-5870 should be useful 
in conducting marker-assisted selection.  The resistance locus and marker loci on the 
linkage group share the same region mapped by others (Bass et al., 2006; Hall et al., 2009; 
Narasimhamoorthy et al., 2006) in the United States and Europe for WSBMV and 
SBCMV; however, it is unclear whether these previously published loci are allelic or 
different.  Based on pedigree evidence, the resistance in our population likely originates 
from the wheat cultivar Newton. 
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The disease had a negative affect on agronomic traits but had little impact on 
functional end-use quality.  Susceptible RILs showed delayed development for heading, 
anthesis and maturity date; and reduced grain fill duration, plant height, and grain yield 
(by 30%).  The two yield components, kernel weight per spike and kernels per spike were 
not significantly different between the susceptible and resistant groups but spikes per 
square meter were significantly different between the same groups, suggesting that 
tillering is an important trait to overcome disease symptoms.  Flour protein content of the 
grain in susceptible RILs was increased 3.6 g kg-1 while the major rheological traits of 
Mixograph peak time and mixing tolerance were not significantly affected by the disease.  
Although flour yield was significantly reduced by the disease, the overall reduction was 
minimal in the population. 
Validation of WSBMV resistance in the TAM 107-R7/Arlin population will be 
conducted using reciprocal backcross populations formed between the parental lines and 
resistant and susceptible cultivars.  Moreover, the backcross population formed between 
TAM 107-R7 and Wesley (WSBMV resistant) should prove beneficial to investigate 
whether the resistant lines carry different alleles, as they share no direct pedigree 
relationship.  Ten RILs from the TAM 107-R7/Arlin population were selected for 
crossing in effort to incorporate more WSBMV resistance into the University of 
Nebraska small grains program and marker assisted selection is being investigated in 
these crosses, which is necessary as WSBMV infection varies spatially in selection 
nurseries.  The use of diagnostic markers in the future should provide more information 
regarding the origin of WSBMV resistance in the TAM 107-R7/Arlin population. 
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Table 2. Ten-year monthly precipitation measurements in centimeters (cm) for the Lincoln, Nebraska.  
The 2007 to 2008 and 2008 to 2009 growing seasons are highlighted in gray.
Location County Year Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Yr. Total
Lincoln Lancaster 1999 0.89 3.25 3.86 11.53 14.30 14.43 5.36 8.66 3.10 0.08 2.31 1.45 69.21
Lincoln Lancaster 2000 0.15 4.04 2.24 3.84 5.49 13.46 10.82 6.50 2.87 5.16 2.74 1.57 58.88
Lincoln Lancaster 2001 2.26 4.62 3.35 6.81 25.81 7.39 3.78 3.20 14.81 3.18 4.37 0.86 80.44
Lincoln Lancaster 2002 1.63 0.91 3.43 6.15 13.21 0.43 3.99 21.06 3.73 12.45 0.61 0.03 67.61
Lincoln Lancaster 2003 1.04 4.11 2.13 6.15 9.14 17.25 3.53 2.82 9.19 3.43 6.15 1.32 66.27
Lincoln Lancaster 2004 2.06 2.97 7.19 2.34 7.72 7.85 6.99 5.46 8.23 1.14 6.63 1.09 59.66
Lincoln Lancaster 2005 2.62 5.64 1.65 5.64 5.54 7.24 13.46 6.48 0.71 7.01 5.16 1.32 62.46
Lincoln Lancaster 2006 2.31 0.18 7.70 9.73 5.31 1.65 5.28 10.29 9.98 2.29 0.23 7.75 62.69
Lincoln Lancaster 2007 1.63 3.33 7.09 8.74 20.65 5.79 3.10 14.73 7.87 11.43 0.13 5.31 89.79
Lincoln Lancaster 2008 1.12 1.40 2.87 9.65 10.46 21.82 7.87 3.87 9.98 13.05 3.89 2.03 88.01
Lincoln Lancaster 2009 0.64 1.50 0.41 4.01 3.02 14.69 4.50 8.03 2.83 11.05 0.15 5.92 56.75
Lincoln Month Avg. - 1.57 3.05 4.15 7.06 11.76 9.73 6.42 8.31 7.05 5.92 3.22 2.27 70.50
Lincoln 30 Yr. Avg. - 1.63 1.88 5.05 7.09 10.52 9.04 8.05 8.53 6.86 4.65 3.38 2.11 68.78
Table 1.  Ten-year monthly temperature measurements in degrees Celsius (°C) for Lincoln, Nebraska.  
The 2007-2008 and 2008-2009 growing seasons are highlighted in gray.
Location County Year Jan. Feb. Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov. Dec. Yr. Avg.
Lincoln Lancaster 1999 -4.27 2.94 4.68 11.42 17.57 22.53 28.46 24.65 18.98 12.65 9.02 0.42 12.42
Lincoln Lancaster 2000 -1.62 2.92 7.61 11.74 20.38 23.44 25.93 27.57 21.16 14.65 0.76 -8.75 12.15
Lincoln Lancaster 2001 -2.53 -5.97 2.92 13.73 18.89 23.21 28.03 26.14 19.79 12.74 10.02 0.84 12.32
Lincoln Lancaster 2002 -0.64 -0.58 1.04 12.55 16.33 26.86 28.47 26.03 21.04 9.04 3.81 0.60 12.05
Lincoln Lancaster 2003 -3.87 -4.09 5.48 12.48 16.32 21.86 27.59 26.83 18.03 13.96 3.94 -0.28 11.52
Lincoln Lancaster 2004 -5.32 -3.17 8.02 12.94 19.23 21.84 24.43 23.29 22.49 13.71 6.29 -0.07 11.97
Lincoln Lancaster 2005 -5.72 0.84 5.92 13.24 17.81 25.49 27.79 25.29 22.62 13.69 6.44 -3.62 12.48
Lincoln Lancaster 2006 3.29 -1.32 4.91 14.11 19.34 24.92 28.25 25.67 18.53 11.23 5.24 1.46 12.97
Lincoln Lancaster 2007 -4.18 -4.48 9.76 11.12 20.07 23.88 27.68 27.84 20.81 15.17 4.92 -3.86 12.39
Lincoln Lancaster 2008 -4.82 -3.07 4.21 9.43 16.90 26.98 25.17 19.89 13.50 5.31 -4.19 -4.19 8.76
Lincoln Lancaster 2009 -3.31 0.29 5.75 11.28 19.14 23.66 24.05 23.88 19.42 8.90 8.08 -6.09 11.26
Lincoln Month Avg. - -2.97 -1.60 5.45 12.28 18.28 24.10 27.18 25.32 19.69 12.22 4.62 -1.75 11.90
Lincoln 30 Yr. Avg. - -4.56 -2.62 4.27 10.86 16.79 21.28 24.06 22.79 17.95 10.90 3.07 -3.09 10.14
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Table 4.  Comparison of ELISA, twelve agronomic, and four end-use quality trait means between 
Soilborne wheat mosaic virus resistant and susceptible F6-derived TAM 107-R7/Arlin 
recombinant inbred lines evaluated at Lincoln, Nebraska during the 2008 and 2009 growing 
seasons.
‡calculated by subtracting susceptible mean from resistant mean;
a flour yield from 50 g of flour;
b protein from 1000 g of flour;
*, **, significance at α= 0.05 and 0.01, respectively;
ns = not significant at α= 0.05 or 0.01
N Mean Range SE N Mean Range SE
ELISA 75 0.0766 0.07 - 0.0833 0.0002 79 0.2376 0.1747 - 0.3103 0.0028 -0.1610 **
Heading Date (d) 75 138 135 - 145 0.5674 79 144 139 - 148 0.5636 -6 **
Anthesis Date (d) 75 143 142 - 148 0.4554 79 148 145 - 152 0.4531 -5 **
Maturity Date (d) 75 173 168 - 178 0.3411 79 176 172 - 179 0.3367 -3 **
Grain Fill Duration (d) 75 30 27 - 32 0.1957 79 28 26 - 31 0.1932 2 **
Plant Height (cm) 75 80.9 73.3 - 90.0 0.5331 79 69.9 59.0 - 79.3 0.5149 11 **
Grain Yield (kg ha-1) 75 5832 4454 - 7270 65.44 79 4040 2838 - 4943 63.47 1791 **
Grain Volume Wt. (kg hL-1) 75 78.7 76.5 - 81.1 0.3867 79 77.1 71.7 - 80.1 0.3841 1.6 **
1000-Kernel Wt. (g) 75 36.88 31.19 - 43.81 0.3582 79 34.52 28.61 - 40.19 0.3521 2.36 **
Kernel Wt. per Spike (g) 75 1.34 1.01 - 1.76 0.0253 79 1.29 0.8858 - 1.63 0.0248 0.05 ns
No. Kernels per Spike 75 36 29.32 - 44.55 0.5774 79 37 29 - 46 0.5665 -1 ns
No. Spikes per square meter 75 454 288 - 579 8.56 79 328 201 - 445 8.36 126 **
No. Kernels per square meter 75 15996 10187 - 20374 233.1 79 11772 7959 - 14876 226.3 4225 **
Flour Yield (g)a 75 34.5 30.7 - 39.1 0.1496 79 33.9 30.8 - 38.3 0.1274 0.6 **
Flour Protein (g kg-1)b 75 109.2 98.0 - 125.5 0.6055 79 112.8 101.6 - 141.2 0.7647 -3.6 **
Mixograph Peak Time (min) 75 3.8 2.30 - 6.52 0.1007 79 3.84 2.29 - 6.24 0.1001 -0.04 ns
 Mixing Tolerance 75 4.12 1.75 - 6.13 0.1115 79 4.31 1.99 - 5.99 0.1054 -0.19 ns
Mean
Difference‡
Resistant RILs Susceptible RILs
Measured Trait
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Table 6.  Analysis of variance and statistics for three end-use quality traits from the TAM 107-
R7/Arlin F6-derived recombinant inbred line population, parental lines, and four modern 
cultivars evaluated at Lincoln, Nebraska during the 2008 and 2009 growing seasons under 
severe infections of Soilborne wheat mosaic virus.
*, **, significance at α= 0.05 and 0.01, respectively;
ns = not significant at α= 0.05 or 0.01
df = degree of freedom
Source of
Variation df
Flour Protein
Content (g kg-1)
Mixograph
Peak Time (min)
Mixing
Tolerance Score
Environment 1 31065 ** 57.78 ** 13.58 **
Ibloc(Env) 62 55.72 ** 0.1819 ** 0.1694 ns
Genotype 159 138.7 ** 2.81 ** 3.08 **
GxE  159 45.63 ** 0.6498 ** 0.5565 **
Error 258 17.11 0.1141 0.1767
107.39 3.37 4.31
109.74 4.38 4.44
117.00 2.72 3.31
111.17 3.77 3.87
107.87 2.77 2.81
109.52 4.15 4.80
111.06 3.88 4.24
98.07 - 141.19 2.29 - 6.52 1.75 - 6.13
3.72 8.71 9.91C.V. (%)  
Population Range  
 TAM 107-R7  
 Arlin  
 Goodstreak   
 Millennium  
 Overland  
 Wesley  
Population Mean
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Figure 1.  ELISA values from the F6-derived TAM 107-R7/Arlin recombinant inbred line population.  
The horizontal separating line indicates the ELISA threshold (0.1506). Values below the 
threshold are indicative of resistance and values above the threshold are indicative of 
susceptibility 
0
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cfd100.0
wmc161b7.0
barc1778.4
wPt-587024.6
SbmTmr127.1
wmc76542.3
barc14468.3
wmc44373.6
cfd22684.2
barc11089.1
gdm6398.2
gdm116109.7
Figure 2.  Linkage map of the long arm of chromosome 5D and the Soilborne wheat mosaic virus
resistance locus SbmTmr1 identified in the F6-derived TAM 107-R7/Arlin recombinant 
inbred line population.  Shaded region and the underlined locus significantly deviate from 
the expected 1:1 ratio.  The area above the 0.0 cM position is considered to be the 
centromere.
5DL
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Appendix 1.  Comparison of ELISA, twelve agronomic, and four end-use quality trait means between 
Soilborne wheat mosaic virus resistant and susceptible F6-derived TAM 107-R7/Arlin 
recombinant inbred lines evaluated during the 2008 and 2009 growing seasons at 
Lincoln, Nebraska.
‡calculated by subtracting susceptible mean from resistant mean; a flour yield from 50 g of flour;
b protein from 1000 g of flour; *, **, significance at α= 0.05 and 0.01, respectively;
ns = not significant at α= 0.05 or 0.01
N Mean Range SE N Mean Range SE
ELISA 75 0.0790 0.0727 - 0.0891 0.0003 79 0.2621 0.1688 - 0.3558 0.0042 -0.1831 **
Heading Date (d) 75 134 130 - 141 0.2367 79 139 132 - 145 0.2286 -5 **
Anthesis Date (d) 75 140 137 - 145 0.1712 79 144 139 - 149 0.1653 -4 **
Maturity Date (d) 75 171 167 - 177 0.2312 79 173 168 - 178 0.2237 -2 **
Grain Fill Duration (d) 75 31 27 - 35 0.1278 79 30 25 - 34 0.1238 1 **
Plant Height (cm) 75 79.6 64.4 - 89.7 0.6197 79 69.2 57.5 - 82.9 0.5983 10.4 **
Grain Yield (kg ha-1) 75 5725 3888 - 7649 75.45 79 4394 3521 - 5382 72.98 1331 **
Grain Volume Wt. (kg hL-1) 75 81.6 79.4 - 83.4 0.2123 79 80.3 74.0 - 83.3 0.2043 1.3 **
1000-Kernel Wt. (g) 75 38.05 31.74 - 45.12 0.4827 79 36.85 31.31 - 42.33 0.4759 1.2 **
Kernel Wt. per Spike (g) 75 1.46 1.02 - 2.01 0.0215 79 1.47 0.86 - 1.95 0.0208 -0.01 ns
No. Kernels per Spike 75 38 30 - 51 0.7759 79 40 27 - 53 0.7653 -2 ns
No. Spikes per square meter 75 401 252 - 569 10.49 79 310 213 - 471 10.19 91 **
No. Kernels per square meter 75 15175 8950 - 20605 288.20 79 11977 9385 - 15611 280.90 3198 **
Flour Yield (g)a 75 34.9 30.4 - 39.7 0.1041 79 34.4 30.6 - 39.3 0.1175 0.5 **
Flour Protein (g kg-1)b 75 116.2 103.1 - 132.1 0.6836 79 119.5 105.2 - 139.5 0.8060 -3.35 **
Mixograph Peak Time (min) 75 3.99 1.26 - 6.52 0.1324 79 4.11 1.74 - 5.73 0.1072 -0.12 ns
 Mixing Tolerance 75 3.54 1.99 - 5.88 0.1050 79 3.57 2.09 - 5.38 0.0916 -0.03 ns
Mean
Difference‡Measured Trait
Resistant RILs Susceptible RILs
Lincoln 2009
N Mean Range SE N Mean Range SE
ELISA 75 0.0751 0.0656 - 0.1325 0.0009 79 0.2041 0.1131 - 0.3727 0.0053 -0.1291 **
Heading Date (d) 75 143 130 - 141 0.2851 79 149 132 - 145 0.2752 -6 **
Anthesis Date (d) 75 147 137 - 145 0.2017 79 152 139 - 148 0.1948 -5 **
Maturity Date (d) 75 175 167 - 177 0.2221 79 179 168 - 177 0.214 -4 **
Grain Fill Duration (d) 75 27 27 - 34 0.1803 79 27 25 - 34 0.1743 0 ns
Plant Height (cm) 75 82.2 64 - 90 0.5781 79 69.3 57 - 86 0.5586 12.9 **
Grain Yield (kg ha-1) 75 5936 3889 - 7649 77.53 79 3689 3520 - 5802 75.31 2247 **
Grain Volume Wt. (kg hL-1) 75 75.7 79.5 - 83.5 0.1817 79 73.6 74.1 - 83.3 0.1762 2.1 **
1000-Kernel Wt. (g) 75 35.74 31.76 - 45.14 0.2675 79 32.16 31.28 - 42.45 0.259 3.58 **
Kernel Wt. per Spike (g) 75 1.22 1.03 - 2.01 0.026 79 1.11 0.87 - 2.06 0.025 0.11 **
No. Kernels per Spike 75 34 30.07 - 50.66 0.5873 79 34 27.40 - 52.78 0.5714 0 ns
No. Spikes per square meter 75 502 251.4 - 566.5 8.13 79 344 216.8 - 469.7 7.94 158 **
No. Kernels per square meter 75 16826 8887 - 20625 247.5 79 11556 9379 - 16036 240.4 5270 **
Flour Yield (g)a 75 34.5 30.0 - 40.3 0.1154 79 33.8 30.3 - 39.2 0.1327 0.7 **
Flour Protein (g kg-1)b 75 102.2 87.21 - 119.6 0.7792 79 106.0 92.57 - 150.69 0.9314 -3.7 **
Mixograph Peak Time (min) 75 4.13 2.28 - 7.09 0.1164 79 4.21 1.90 - 7.08 0.1220 -0.08 ns
 Mixing Tolerance 75 4.26 2.26 - 6.83 0.1133 79 4.53 2.15 - 6.77 0.1202 -0.27 ns
Mean
Difference‡Measured Trait
Resistant RILs Susceptible RILs
Lincoln 2008
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Appendix 3.  Analysis of variance for three end-use quality traits from the TAM 107-R7/Arlin F6-
derived recombinant inbred line population evaluated at the 2008 and 2009 growing 
seasons at Lincoln, Nebraska under severe infections of Soilborne wheat mosaic virus.
*, **, significance at α= 0.05 and 0.01, respectively; ns = not significant at α= 0.05 or 0.01
df = degree of freedom
Source of
Variation df
Flour Protein
(g kg-1)
Midline Peak 
Time (min)
Mixing 
Tolerance
Rep 1 6.27 ns 0.4068 ns 0.5908 ns
Iblock 30 64.48 ** 0.1921 * 0.1877 ns
Genotype 159 106.9 ** 2.15 ** 1.74 **
Error 129 14.09 0.1048 0.1961
101.83 3.35 4.01
97.61 5.37 5.00
110.65 2.96 3.50
103.61 4.70 4.00
98.45 3.11 2.75
99.21 4.49 4.75
104.16 4.17 4.45
87.21 - 150.7 1.91 - 7.09 2.12 - 6.61
3.60 7.76 9.95
 TAM 107-R7  
 Arlin  
 Goodstreak   
C.V. (%)  
Population Range  
 Millennium  
 Overland  
 Wesley  
Population Mean
Source of
Variation df
Flour Protein
(g kg-1)
Midline Peak 
Time (min)
Mixing 
Tolerance
Rep 1 249.1 ns 0.0061 ns 0.1957 ns
Iblock 30 42.16 ** 0.1701 ns 0.1421 ns
Genotype 159 79.93 ** 1.37 ** 1.95 **
Error 129 20.12 0.1234 0.1572
113.6 3.30 4.66
122.4 3.33 3.90
123.4 2.51 3.11
119.1 2.85 3.74
117.2 2.48 2.86
119.5 3.83 4.84
118.0 3.56 4.05
103.1 - 139.2 1.99 - 5.88 1.26 - 6.52
3.80 9.88 9.79
 TAM 107-R7  
 Arlin  
 Goodstreak   
C.V. (%)  
Population Range  
 Millennium  
 Overland  
 Wesley  
Population Mean
Lincoln 2008
Lincoln 2009
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CHAPTER 3 
Quantitative Trait Loci in the Presence and Absence of Wheat Soilborne Mosaic 
Virus in a Hard Winter Wheat Population 
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ABSTRACT 
  
 Quantitative traits are important for improving wheat (Triticum aestivum L.) 
cultivars and many important genomic regions have been identified.  However, little is 
known how abiotic or biotic stress affects the detection of QTLs among environments.  In 
a two year experiment, the 154 F6-derived  recombinant inbred lines (RILs) from a 
TAM107-R7/Arlin population, segregating for Wheat soilborne mosaic virus (WSBMV) 
resistance, were used to map QTLs for fifteen agronomic and end-use quality traits at two 
WSBMV infected environments and four uninfected environments.  Separate QTL 
analyses were conducted for these environments, and for the resistant and susceptible 
RIL subpopulations, to determine how the disease affected QTL detection.  Fifty-two 
QTLs (LOD≥3) were mapped for all traits among uninfected environments, with 
phenotypic variation explained ranging from 7.3 to 43.0%.  Many traits were 
significantly correlated (P<0.01) and their QTLs were coincident on chromosomes 2B, 
4B, 5B, 6A, and 7A.  Forty-seven QTLs were detected at the WSBMV infected 
environments.  Comparisons between uninfected and infected environments identified 
twenty common QTLs not affected by WSBMV or the environment.  Twenty-one QTLs 
were found to be environmentally specific by comparing uninfected environment and the 
resistant subpopulation QTL analyses.  Finally, detection of twenty-four QTLs was 
determined to be affected by WSBMV when the two subpopulations (resistant and 
susceptible) were compared.  Results from the comparisons were validated using QTL by 
uninfected environment and QTL by disease interactions from ANOVA.  QTLs not 
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affected by WSBMV and consistently detected in multiple environments are candidates 
for cultivar improvement using marker-assisted selection. 
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INTRODUCTION 
 
Understanding and exploiting quantitative trait loci (QTL) in order to develop 
superior wheat (Triticum aestivum L.) cultivars has been a common goal of plant breeders 
for many years.  Baenziger et al. (2001b) described criteria that cultivars need to possess 
in order to be successful in the Great Plains.  The most important are improved 
agronomic characters relative to existing cultivars and acceptable end-use quality.  The 
remaining characters are specific to resistance or tolerance for abiotic and biotic stresses 
at any given environment.  Although some of these traits are qualitative in nature, many 
are quantitatively controlled, which has led to the increased interest in QTLs for wheat 
cultivar improvement (Dubcovsky, 2004). 
To ensure that QTLs are estimated and mapped correctly, accurate phenotypic 
data are essential when evaluating a genetic population.  Field experiments are conducted 
using methods to minimize extraneous effects that could reduce the value or reliability of 
the phenotypic data.  Agronomic traits and the environment are known to affect disease 
resistance phenotypes in wheat experiments (Mesfin et al., 2003; Shankar et al., 2008; 
Uphaus et al., 2007), but it is relatively unknown if abiotic or biotic stress conditions 
present within an environment can affect QTL detection or modify their expression other 
than at the resistance loci.  Both Remington et al. (2001) and Tuberosa and Salvi (2007) 
recognized that the environment (including abiotic or biotic stresses) could affect QTL 
detection significantly and inhibit map-based cloning.  Phenotypic data can be affected 
by field and greenhouse conditions (Lin et al., 2009; Mares et al., 2005; Zhang et al., 
2009) but this topic has not been pursued in the literature to identify its potential effects 
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on overall QTL detection across multiple environments.  A thorough search of the 
literature failed to provide evidence of prior research focusing on the influence of abiotic 
or biotic factors on QTL detection. 
In the Great Plains, Wheat soilborne mosaic virus (WSBMV) and the disease are 
a yearly threat to wheat production, as there is no known control except resistant cultivars 
(Bockus et al., 2001).  Inheritance studies have demonstrated that WSBMV resistance is 
monogenic to oligogenic and that susceptibility significantly affects agronomic and end-
use quality traits worldwide (reviewed by Kanyuka et al., 2003).  In a hard winter wheat 
by synthetic wheat advanced backcross QTL mapping study conducted at two Kansas 
environments, Narasimhamoorthy et al. (2006) found that WSBMV disease influenced 
phenotypic correlations and significantly affected the QTL by environment interaction.  
Due to the lack of control measures for the disease and its detrimental affect on cultivar 
performance, WSBMV has the potential to affect QTL detection within an infected 
environment.  It is unclear if WSBMV affected the detection of QTLs in the study 
conducted by Narasimhamoorthy et al. (2006). 
Recently, a multi-environment WSBMV study in Nebraska, discussed in Chapter 
2, investigated the effects of the disease on agronomic and end-use quality characters in a 
population segregating for WSBMV resistance.  Significant differences (P < 0.05) were 
detected for many of the traits between resistant and susceptible groups in the population.  
The objectives of this study were to 1) separately determine agronomic and end-use 
quality QTLs in both the uninfected (Mead and North Platte) and infected environments 
(Lincoln) in order to identify QTLs not affected by the disease or the environment, and 2) 
to compare QTLs identified in uninfected environments to those from the resistant group 
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to identify QTLs affected by the environment, 3) to compare QTLs from the resistant and 
susceptible subpopulation groups from the TAM 107-R7/Arlin population grown at 
WSBMV infected environments to determine which QTLs were only affected by 
WSBMV, and 4) to validate our comparisons statistically using QTL by environment and 
QTL by disease interactions in analysis of variance of QTL results. 
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MATERIALS AND METHODS 
 
Development and Description of the Population 
Details and characteristics regarding the parental lines and the TAM 107-R7/Arlin 
recombinant inbred lines (RILs) population were described in Chapter 1.  Briefly, the 
cross TAM 107-R7/Arlin was made in the late 1990’s at Colorado State University 
(CSU), and inbred to the sixth generation using the single-seed decent method.  Seed 
growouts produced 154 F6:8 RILs that formed the final TAM 107-R7/Arlin mapping 
population. 
TAM 107-R7 is an unreleased hard red winter wheat sib line of ‘Prairie Red’ (PI 
605390; Quick et al., 2001).  TAM 107-R7 has the pedigree CO850034/PI372129//5* 
‘TAM 107’.  The hard white winter wheat cultivar ‘Arlin’ (PI 564246; Sears et al., 1997) 
was developed cooperatively and released in 1992 by the Kansas Agricultural 
Experiment Station and USDA-ARS.  The pedigree of Arlin is lost but it has been 
described as being a white seeded selection from a bulk population formed between 
crosses involving hard red spring and hard red winter wheat (Sears et al., 1997a).  The 
parental lines have been shown to be adapted to Colorado, Kansas, Oklahoma, and Texas 
environments (Chapter 1). 
 
Experimental Design and Data Collection 
The 154 F6:8 TAM 107-R7/Arlin RILs, the parental lines, three Nebraska cultivars 
‘Goodstreak’ (PI 632434; Baenziger et al., 2004), ‘Millennium’ (PI 613099; Baenziger et 
al., 2001a), ‘NE01643’ (PI 647959; Baenziger et al., 2008), which is sold under the name 
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Husker Genetics Brand ‘Overland’, and one USDA-ARS Nebraska cultivar, ‘Wesley’ (PI 
605742; Peterson et al., 2001) were evaluated as described in chapters 1 and 2 under 
rainfed conditions at three locations in Nebraska (Lincoln, Mead, and North Platte) 
during the 2008 and 2009 seasons.  The environments at Lincoln were severely infected 
with WSBMV (Chapter 2), whereas the environments at Mead and North Platte were 
uninfected and also represent different agroecological zones in Nebraska (Peterson, 1992).  
Common fungal diseases were controlled with an application of the foliar fungicide 
Headline (active ingredient: pyraclostrobin: (carbamic acid, [2-[[[1-(4-chlorophenyl)-1H-
pyrazol-3-yl]oxy]methyl]phenyl]methoxy-, methyl ester); BASF, Research Triangle Park, 
NC) just before heading following the manufacturer’s instructions. 
The twelve agronomic characters were measured for each plot at all environments 
(Table 1).  End-use quality testing was conducted using 50 g of seed from two 
replications in each environment according to the methods described by Fufa et al. (2005) 
and in chapters 1 and 2 at the Nebraska Seed Quality Laboratory (Lincoln, NE) using 
approved methods (American Association of Cereal Chemists, 2000).  The measured 
traits were flour protein content (g kg-1), Mixograph peak time (min), and Mixograph 
tolerance (0 to 7 scale).   
 
Statistical Analysis 
Statistical analysis was conducted using the SAS software package (SAS Inst., 
2003).  Analysis of variance (ANOVA) was conducted to test for significance (P < 0.05) 
using PROC MIXED considering environments and genotypes as fixed effects, and 
replications and incomplete blocks within environments as random effects for all traits.  
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Individual ANOVAs were conducted and variance homogeneity was tested before 
conducting combined ANOVA using the Fmax calculation; a value < 6 was considered 
homogeneous (Tabachnick and Fidell, 2001).  The least squares means were calculated 
for each trait at each environment and in the combined analysis for QTL mapping.  The 
PROC CORR command was used to determine the Pearson correlation coefficients for all 
trait combinations to investigate relationships among the agronomic characters using the 
entry means.  PROC TTEST was used to determine the significance (P < 0.05) of the 
WSBMV resistance locus (i.e. resistant and susceptible RILs) in the TAM 107-R7/Arlin 
population at uninfected environments on agronomic and end-use quality traits. 
 
QTL Analysis 
The TAM 107-R7/Arlin genome-wide linkage map discussed in Chapter 1 was 
used for QTL analysis.  Briefly, methods described by Kuleung et al. (2004) were used to 
genotype the population using SSR marker sequences freely available on the GrainGenes 
website (http://wheat.pw.usda.gov/GG2/index.shtml; verified March 27, 2010) and DArT 
markers (Triticarte Pty. Ltd., Yarralumla ACT, Australia) described by Akbari et al. 
(2006) and Jaccoud et al. (2001).  The linkage map was constructed with 
MAPMAKER/EXP 3.0 (Lander et al., 1987; Lincoln et al., 1993) and the Kosambi 
mapping function (Kosambi, 1944).  The genome-wide linkage map covers 
approximately 2300 cM on 33 linkage groups with an overall density of 6.65 cM/marker 
and aligned well with the previously published wheat consensus map by Somers et al. 
(2004). 
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Separate QTL analysis was conducted for the WSBMV uninfected and WSBMV 
infected environments.  Both Mead and North Platte 2008, 2009, and their combined 
environment analysis were used in order to identify agronomic and end-use quality QTLs 
under uninfected conditions.  Lincoln 2008, 2009, and their combined environment 
analysis were used to identify agronomic and end-use quality QTL under WSBMV 
infected conditions.  Subsequently, the RIL population was separated into a resistant and 
susceptible subpopulation and each RIL subpopulation was subjected to QTL analysis.  
The subpopulation QTL analysis was conducted using only the combined data from the 
WSBMV infected environments. 
QTL Cartographer version 2.5 (Wang et al., 2006) was used to map QTLs in the 
TAM 107-R7/Arlin population using the least squares means for each individual 
environment and combined environment analysis.  Phenotypic data and accuracy was 
checked using QTL Cartographer using the skewness and kurtosis statistics, values less 
than 1.0 were considered appropriate in order to proceed with QTL analysis.  Composite 
interval mapping (CIM) was used with the standard model 6 option.  The forward and 
backward stepwise regression method was used with a walking speed and window size of 
1 cM, respectively.  In and out probabilities were set at 0.01 and 0.01, respectively and 
five background markers were selected as cofactors during CIM.  Genome-wide 
significant logarithm of the odds (LOD) thresholds were determined by 1000 
permutations at α = 0.05 (Churchill and Doerge, 1994) and thresholds for all traits were 
then averaged to obtain a general threshold to declare all QTLs in this study.  
Determination of statistical power for QTL detection was conducted using the SAS (SAS 
Inst., 2003) program described by Hu and Xu, (2008) that is available for download on 
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their website (http://www.statgen.ucr.edu/index.html?open=software.html; verified 27 
April 2010).   
The statistically significant QTLs are described using phenotypic variation 
explained (R2), additive effect, peak position and marker, and a 95% confidence interval 
(CI) approximated using the 1-LOD drop method described by Lander and Botstein 
(1989).  Significant QTLs were declared and subsequently named if their peak was above 
the LOD threshold.  Only QTLs identified at multiple environments with phenotypic 
variation of at least 10% are discussed.  QTLs were considered as being pleiotropic or 
tightly linked if their 95% CI overlapped.  Significant QTLs were assigned names using 
common abbreviations described in Table 1.  QTLs were named following 
recommendations from McIntosh et al. (2008) with the University of Nebraska laboratory 
designation “neb”. 
The effect of environment and WSBMV infection on QTL detection was 
determined through comparisons of QTL results between multiple environments.  First, 
QTLs identified at uninfected environments (Mead and North Platte; n = 4) were 
compared to those at the WSBMV infected environments (Lincoln; n = 2) for QTLs 
detected in both infected and uninfected environments.  This comparison indicated which 
QTLs were not affected by the environment or WSBMV infection.  Secondly, QTLs 
found in the uninfected environments were compared to those detected in the resistant 
RIL subpopulation at the WSBMV infected environments for QTLs detected in both 
uninfected and resistant lines in different environments.  This comparison indicated 
which QTLs were affected by the environment and less so by the disease.  The 
assumption of this comparison was that resistant RILs performance was not affected by 
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WSBMV, hence providing an estimate of QTLs at Lincoln.  The QTLs identified in both 
uninfected environments and resistant RILs in the infected sites were not affected by the 
environment.  The QTLs identified in the uninfected environments, but not in the 
resistant RILs in the infected environments and vise versa were believed to be influenced 
more so by the environment, than the disease.  Thirdly, the QTLs identified in the 
resistant RIL subpopulation at the WSBMV infected environments were compared to the 
QTLs identified in the susceptible RIL subpopulation at the same environments.  This 
comparison indicated which QTLs were affected primarily by the disease when it was 
present as all the lines were evaluated in the same environments.  Using this approach, 
we attempted to separate the effects of the environment from the effects of the disease 
(WSBMV) in order to determine which QTLs were affected by the environment or the 
disease, with the assumptions described above.  Specifically, QTLs affected by WSBMV 
were those not present in the Lincoln susceptible subpopulation when compared to the 
Lincoln resistant subpopulation and vice versa. 
In order to empirically test and validate our comparisons on the effect of QTL 
detection in the presence or absence of WSBMV, we used methods described previously 
by Campbell et al. (2003) and Zhu et al. (1999) to test QTL by environment interaction 
using phenotypic and genotypic data from the population at all six environments.  
Specifically, our interest was to test the QTL by disease interaction.  The ANOVA model 
included environment, WSBMV disease effect, replications nested within environments, 
line based genotypic effect, GEI, marker locus effect, the marker by disease interaction 
(which was a single degree of freedom contrast), and the marker by environment 
interaction using PROC MIXED (SAS Inst., 2003).  The single degree-of-freedom test 
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for the marker by disease interaction allowed us to statistically test the comparison of 
QTLs detected from uninfected and WSBMV infected environments.  The marker by 
disease interaction is directly related to the QTL by disease, since the selected markers 
are linked to the detected QTLs.  Similarly, the marker by environment interaction is 
directly related to the QTL by environment (QEI, Campbell et al., 2003), since the 
selected markers are linked to the detected QTLs.    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 104
RESULTS AND DISCUSSION 
 
Agronomic and End-Use Quality Trait Data 
 Variances among individual environments were found homogeneous in the Fmax 
test and a combined ANOVA was conducted across uninfected environments.  
Significant differences (P < 0.01) were found for agronomic (Table 2) and end-use 
quality traits (Table 3) among all environments, and genotypes, and GEI.  The mean 
square for the significant GEI was on average eight times smaller than the mean squares 
observed for the genotype of each trait in the combined ANOVA.  Gomez and Gomez 
(1984) explained that under these conditions the genotypes were expected to have stable 
rank throughout environments and the observed differences are attributed to a change in 
magnitude of values for each trait of each genotype, hence genotypic means will be 
discussed in this paper.  In a previous study (Chapter 1) the TAM 107-R7/Arlin 
population was shown to be adapted throughout Nebraska. 
 
QTLs at Uninfected Environments 
Phenotypic data did not show significant skewness or kurtosis when checked by 
QTL Cartographer before analysis.  The LOD thresholds obtained by 1000 permutations 
were averaged, which produced a LOD significance value of 2.8 for all environments; 
however, this value was raised to the default level of 3.0 to declare significant QTL for 
all environments and in the combined analysis. 
Fifty-two QTLs (LOD ≥ 3.0) were identified for all agronomic and end-use 
quality traits in at least one environment (Table 4).  The phenotypic variation explained 
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ranged from 7.3 to 43% and the QTLs mapped to all linkage groups except for 2D, 5A, 
5D, 6D, and 7D.  The lack of QTLs on 2D, 5A, and 6D may be due to a lack of marker 
loci compared to other linkage groups, while the reason for the lack of significant QTLs 
mapped on 5D and 7D has yet to be determined since their linkage distances and marker 
densities were similar to those chromosomes where QTLs were detected.  QTLs detected 
at multiple environments that explained at least 10% of the phenotypic variation are 
considered major QTL in this study; however, all fifty-two QTLs were named. 
 
Agronomic QTLs 
Five QTLs detected for heading date were present on chromosomes 1A, 1D, 2B, 
3D, and 7A.  The QTL with the largest effect, QHd.neb-7A, explained 18.9% of the 
phenotypic variation and was mapped near the marker locus wPt-3393 at position 106.5 
cM.  It was detected in three environments and in the combined analysis.  The TAM 107-
R7 allele decreased HD.  The QTL, QHd.neb-1A, explained 11.4% of the phenotypic 
variation and was mapped near the marker locus wPt-6074 at position 24.8 cM.  It was 
detected at two environments and in the combined analysis.  The TAM 107-R7 allele 
increased HD.  The remaining three QTLs explained less than 10% of the phenotypic 
variation but were detected in multiple environments except for the QTL on chromosome 
3D mapped near marker wPt-4569 at position 35.8 cM, which was only detected in one 
environment. 
Two QTLs detected for anthesis date were present on chromosomes 2B and 7A.  
The QTL with the largest effect, QAd.neb-7A, explained 13.9% of the phenotypic 
variation and was mapped near the marker locus wPt-3393 at position 109.3 cM.  It was 
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detected at three environments and in the combined analysis.  The TAM 107-R7 allele 
decreased AD.  The QTL, QAd.neb-2B, explained less than 10% of the phenotypic 
variation and was mapped near the marker locus wPt-4997 at position 3.4 cM.  It was 
detected at two environments and the combined analysis.  Again, the TAM 107-R7 allele 
decreased AD. 
Three QTLs detected for plant maturity were present on chromosomes 2B, 3A, 
and 7A.  The QTL with the largest effect, QMat.neb-7A, explained 11.8% of the 
phenotypic variation and was mapped near the marker locus wPt-1928 at position 72.4 
cM.  It was detected at three environments and in the combined analysis.  The TAM 107-
R7 allele decreased MAT.  The QTL, QMat.neb-2B, explained 10.8% of the phenotypic 
variation and was mapped near the marker locus wPt-3561 at position 1.5 cM.  It was 
detected at two environments and in the combined analysis.  Again, the TAM 107-R7 
allele decreased MAT.  The QTL on chromosome 3A was only detected at one 
environment. 
Three QTLs detected for grain fill duration were present on chromosomes 1B, 2B, 
and 3A.  The QTL with the largest effect, QGfd.neb-2B, explained 10.2% of the 
phenotypic variation and was mapped near the marker locus Xwmc175 at position 44.0 
cM.  It was detected at two environments and in the combined analysis.  The TAM 107-
R7 allele increased GFD.  The remaining QTLs on chromosomes 1B and 3A were only 
detected in one environment. 
Three QTLs detected for plant height were present on chromosomes 3D, 5B, and 
6A.  The QTL with the largest effect, QHt.neb-6A, explained 11.4% of the phenotypic 
variation and was mapped near the marker locus wPt-7063 at position 13.7 cM.  It was 
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detected at all four environments and in the combined analysis.  The TAM 107-R7 allele 
increased PHT.  The QTL, QHt.neb-5B, explained 10.1% of the phenotypic variation and 
was mapped near the marker locus wPt-6135 at position 18.5 cM.  It was detected at all 
four environments and in the combined analysis.  Again, the TAM 107-R7 allele 
increased PHT.  The QTL on chromosome 3D explained less than 10% of the phenotypic 
variation and was only detected at a single environment. 
Five QTLs detected for grain yield were present on chromosomes 3B, 4D, 5B, 6A, 
and 7A.  The QTL with the largest effect, QYld.neb-7A, explained 19.1% of the 
phenotypic variation and was mapped near the marker locus wPt-1928 at position 71.1 
cM.  It was detected at three environments and in the combined analysis.  The TAM 107-
R7 allele decreased GYLD.  The QTL, QYld.neb-6A, explained 10.8% of the phenotypic 
variation and was mapped near the marker locus wPt-7063 at position 13.1 cM.  It was 
detected at two environments and the combined analysis.  The TAM 107-R7 allele 
decreased GYLD.  The QTL, QYld.neb-4D, explained 10.3% of the phenotypic variation 
and was mapped near the marker locus wPt-5809 at position 45.5 cM.  It was detected at 
two environments and in the combined analysis.  The TAM 107-R7 allele decreased 
GYLD.  The QTL, QYld.neb-3B, explained 10% of the phenotypic variation and was 
mapped near the marker locus wPt-6785 at position 104.0 cM.  It was detected at two 
environments and in the combined analysis.  The TAM 107-R7 allele increased GYLD.  
The QTL, QYld.neb-5B, only explained 8.9% of the phenotypic variation and was 
mapped near the marker locus wPt-1250 at position 19.8 cM.  It was detected at two 
environments and in the combined analysis.  Again, the TAM 107-R7 allele increased 
GYLD.   
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Four QTLs detected for grain volume weight were present on chromosomes 1D, 
2A, 4A, and 7A.  The QTL with the largest effect, QGvw.neb-2A, explained 13.4% of the 
phenotypic variation and was mapped near the marker locus Xgwm448 at position 75.1 
cM.  It was detected at all four environments and in the combined analysis.  The TAM 
107-R7 allele decreased GVW.  The QTL, QGvw.neb-7A, explained 11.9% of the 
phenotypic variation and was mapped near the maker locus wPt-1928 at position 76.4 cM.  
It was detected at all four environments and in the combined analysis.  The TAM 107-R7 
allele increased GVW.  The third QTL, QGvw.neb-1D, explained 10.8% of the 
phenotypic variation and was mapped near the marker locus wPt-1799 at position 2.0 cM.  
It was detected at three environments and in the combined analysis.  The TAM 107-R7 
allele decreased GVW.  The QTL detected on chromosome 4A explained less than 10% 
of the phenotypic variation and was only identified in one environment. 
Three QTLs detected for thousand-kernel weight were present on chromosomes 
5B, 6A, and 7A.  The QTL with the largest effect, QTkwt.neb-7A, explained 17.3% of the 
phenotypic variation and was mapped near the marker locus wPt-3992 at position 102.0 
cM.  It was detected at two environments and in the combined analysis.  The TAM 107-
R7 allele increased TKW.  The QTL, QTkwt.neb-6A, explained 14.1% of the phenotypic 
variation and was mapped near the marker locus wPt-7063 at position 12.2 cM.  It was 
detected at two environments and in the combined analysis.  Again, the TAM 107-R7 
allele increased TKW.  The third QTL was only detected in one environment. 
Four QTLs detected for kernel weight per spike were present on chromosomes 4B, 
6A, 7A, and 7B.  The QTL with the largest effect, QKws.neb-6A, explained 11.9% of the 
phenotypic variation and was mapped near the marker locus wPt-7063 at position 12.0 
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cM.  It was detected at two environments and in the combined analysis.  The TAM 107-
R7 allele decreased KWS.  The QTL, QKws.neb-4B, explained 10.5% of the phenotypic 
variation and was mapped near the marker locus wPt-6209 at position 60.5 cM.  It was 
detected at two environments and in the combined analysis.  Again, the TAM 107-R7 
allele decreased KWS.  The QTLs on chromosomes 7A and 7B explained less than 10% 
of the phenotypic variation; however the QTL on chromosome 7A was detected at two 
environments and in the combined analysis. 
Three QTLs detected for kernels per spike were present on chromosomes 2A, 4B, 
and 7A.  The QTL with the largest effect, QKps.neb-7A, explained 20.3% of the 
phenotypic variation and was mapped near the marker locus wPt-3992 at position 102.0 
cM.  It was detected at three environments and in the combined analysis.  The TAM 107-
R7 allele decreased KPS.  The QTL, QKps.neb-4B, only explained 9.4% of the 
phenotypic variation and was mapped near the marker locus Xgwm251 at position 58.5 
cM.  It was detected at two environments and in the combined analysis.  Again, the TAM 
107-R7 allele decreased KPS.  The QTL on chromosome 2A was only detected in one 
environment. 
Three QTLs detected for spikes per square meter were present on chromosomes 
4B, 5B, and 6A.  The QTL with the largest effect, QSpsm.neb-4B, explained 12.6% of the 
phenotypic variation and was mapped near the marker locus Xbarc163 at position 64.5 
cM.  It was detected at two environments and in the combined analysis.  The TAM 107-
R7 allele increased SPSM.  The QTL, QSpsm.neb-5B, explained 10.7% of the phenotypic 
variation and was mapped near the marker locus wPt-1250 at position 18.9 cM.  It was 
detected at three environments and in the combined analysis.  Again, the TAM 107-R7 
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allele increased SPSM.  The third QTL, QSpsm.neb-6A, explained 10.2% of the 
phenotypic variation and was mapped near the marker locus wPt-7063 at position 13.6 
cM.  It was detected at two environments and in the combined analysis.  The TAM 107-
R7 allele decreased SPSM. 
Five QTLs detected for kernels per square meter were present on chromosomes 
4B, 4D, 5B, 6A, and 7A.  The QTL with the largest effect, QKpsm.neb-7A, explained 
22.9% of the phenotypic variation and was mapped near the marker locus wPt-1928 79.5 
cM.  It was detected at three environments and in the combined analysis.  The TAM 107-
R7 allele decreased KPSM.  The QTL, QKpsm.neb-6A, explained 11.7% of the variation 
and was mapped near the marker locus wPt-7063 at position 14.2 cM.  It was detected at 
two environments and in the combined analysis.  Again, the TAM 107-R7 allele 
decreased KPSM.  The remaining QTLs on chromosomes 4B, 4D, and 5B were only 
detected in one environment and explained less than 10% of the phenotypic variation. 
 
End-Use Quality QTLs 
Five QTLs detected for flour protein content were present on chromosomes 1B, 
2B, 4D, 6B, and 7A.  The QTL with the largest effect, QProt.neb-7A, explained 27.3% of 
the phenotypic variation and was mapped near the marker locus wPt-1928 at position 
72.5 cM.  It was detected at three environments and in the combined analysis.  The TAM 
107-R7 allele increased PROT.  The QTL, QProt.neb-1B, explained 13.4% of the 
phenotypic variation and was mapped near the Glu-B1 locus at position 13.0 cM.  It was 
detected at three environments and in the combined analysis.  The TAM 107-R7 allele 
decreased PROT.  The third QTL, QProt.neb-6B, explained 10.2% of the phenotypic 
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variation and was mapped near the marker locus wPt-1325 at position 125.6 cM.  It was 
detected at two environments and in the combined analysis.  Again, the TAM 107-R7 
allele decreased PROT.  The QTL, QProt.neb-4D, only explained 9.2% of the phenotypic 
variation and was mapped near the marker locus Xcfd39 at position 54.1 cM.  It was 
detected at two environments and in the combined analysis.  The TAM 107-R7 allele 
increased PROT.  The QTL detected on chromosome 2B explained less than 10% of the 
phenotypic variation at one environment. 
Two QTLs each were detected for Mixograph peak time and mixing tolerance 
were present on chromosomes 1B and 1D.  The QTL with the largest effect, QMpt.neb-
1D, explained 43.0% of the phenotypic variation and was mapped near the marker locus 
wPt-3743 (near Glu-D1) at position 22.8 cM.  It was detected at three environments and 
the combined analysis.  The TAM 107-R7 allele decreased MPT.  The QTL, QMpt.neb-
1B, explained 9.1% of the phenotypic variation and was mapped near the Glu-B1 locus at 
position 14.1 cM.  It was detected at two environments and in the combined analysis.  
The TAM 107-R7 allele increased MPT.  For mixing tolerance, the largest QTL, 
QTol.neb-1D, explained 39.6% of the phenotypic variation and was mapped near the 
marker locus wPt-3743 (near Glu-D1) at position 21.8 cM.  It was detected at all four 
environments and in the combined analysis.  The TAM 107-R7 allele decreased the 
mixing tolerance score.  The QTL, QTol.neb-1B, explained 8.8% of the phenotypic 
variation and was mapped near the marker locus Glu-B1 at position 13.4 cM.  It was 
detected in three environments and the combined analysis.  The TAM 107-R7 allele 
increased the mixing tolerance score. 
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Colocated QTLs and Phenotypic Correlations 
QTLs for different traits with near-identical map positions were described by 
Campbell et al. (2003) to be indicative of pleiotrophy or closely linked genes.  
Additionally, closely mapped QTLs can explain phenotypic correlations (Ali et al., 2000), 
which help understand important QTL regions detected throughout multiple 
environments (Kato et al., 2000).  Hence, the least squares means of all traits of the 
genotypes from the combined analysis of the population were correlated (Table 5) to 
further elucidate which traits were controlled by pleiotropic or closely linked genes in 
QTL regions identified during QTL analysis.  These important regions will be useful to 
understand how WSBMV and the environment affect QTL detection. 
Six major regions were detected on chromosomes 2B, 4B, 5B, 6A, and 7A in the 
uninfected environments that were considered to contain pleiotropic or closely linked for 
trait QTLs (Appendix 3).  Smaller co-localized QTL regions were detected for fewer 
traits on chromosomes 1B, 1D, and 4D (Appendix 3). 
The largest region was located on chromosome 7A, which had ten QTLs that 
separated into two groups based on their 95% CI.  The first region on chromosome 7A 
had QTLs for MAT, GYLD, GVW, KPSM, and PROT clustered around a peak location 
at 74.4 cM, near the marker locus wPt-1928.  The GYLD and KPSM QTLs had negative 
additive effects associated with the TAM 107-R7 allele, while QTLs for MAT, GVW, 
and PROT had positive additive effects associated with the TAM 107-R7 allele.  As 
expected, strong positive correlations existed between GYLD and KPSM (r = 0.91, P < 
0.01).  The QTLs for GYLD and KPSM had negative additive effects for the TAM 107-
R7 allele.  A strong negative correlation existed between GYLD and PROT (r = -0.68, P 
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< 0.01).  The TAM 107-R7 allele had negative additive effects for the GYLD QTL and 
positive additive effects for the PROT QTL.  The strong positive correlation observed 
between GVW and GYLD (r = 0.72, P < 0.01) was due to QTLs in other regions because 
QTLs in this region had opposite sign additive effects. 
The second region on chromosome 7A had QTLs that controlled HD, AD, TKW, 
KWS, and KPS clustered at 105.8 cM near the wPt-3393 marker locus.  Positive additive 
effects were contributed by the TAM 107-R7 allele for HD, AD, and TKW but the allele 
had unfavorable (negative) effects for KWS and KPS.  The phenotypic correlations for 
HD or AD with KWS or KPS were negative, which suggests that earliness would 
increase KWS and KPS.  However, QTLs for these traits in this region showed that 
earliness decreased both KWS and KPS.  This observation showed that phenotypic 
correlations for these traits are affected by other QTLs elsewhere in the genome with 
opposite additive effects for the TAM 107-R7 allele. 
The pleiotropic or closely linked region located at 2.5 cM on the short arm 
chromosome 2B contained HD, AD, and MAT QTLs.  The TAM 107-R7 allele 
determined earliness for all traits.  Heading date and AD were equally correlated to MAT 
(r = 0.92, P < 0.01).  Hence, either trait could be used to predict MAT at this locus.  Both 
HD and AD were chosen to determine if environmental conditions or morphological 
factors may have inhibited plant development.  Additionally, phenotypic classification of 
both HD and AD have been shown to be useful to understand photoperiod and 
vernalization genes or QTLs in a wheat mapping study (Börner et al., 2002).  Our results 
indicate that this region appears to be a photoperiod response locus, specifically Ppd-B1 
(Börner et al., 2002; Sourdille et al., 2003) located near the flanking loci of Xwmc770 and 
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Xgwm148 loci (Gervais et al., 2003 and Wang et al., 2009).  However, Kuchel et al. 
(2006) could not conclude that the QTL on chromosome 2B was Ppd-B1 or a closely 
linked gene in their wheat mapping study.  Further investigation of this region can be 
explored due to the recent sequencing and diagnostic markers available for Ppd-B1 
(Beales et al., 2007; Blake et al., 2009). 
The region on chromosome 4B at 62.4 cM contained QTLs for the grain yield 
component traits of KWS, KPS, SPSM, and KPSM.  The TAM 107-R7 allele decreased 
KWS and KPS but increased SPSM and KPSM.  Significant negative correlations were 
found among KWS and KPS with SPSM and KPSM, which agrees with the difference in 
sign for the additive effects of QTLs for these traits.  Surprisingly, QTLs for grain yield 
were not detected on chromosome 4B where many of the yield components were located.  
Yield and component traits exhibit compensatory effects, so it is possible for these QTLs 
to be located at different places.  Campbell et al. (2003) located separate regions for yield 
and yield components on chromosome 3A in a recombinant inbred chromosome line 
wheat population.  In this region, grain yield was independent of its yield components.  A 
similar cluster of QTLs was described by Marza et al. (2006) on chromosome 4B from a 
study that mapped yield and related traits in wheat in Oklahoma. 
The colocated QTLs located on chromosome 5B at 19.6 cM controlled PHT, 
GYLD, TKW, SPSM, and KPSM.  The TAM 107-R7 allele had positive additive effects 
for all QTLs, resulting in significant positive phenotypic correlations among these traits.  
In this region, the positive relationship between PHT and GYLD (r = 0.65, P < 0.01) may 
be due to harvest index; a larger biomass to produce larger grain yield (Law et al., 1978).  
The strong positive correlation between PHT and SPSM (r = 0.66, P < 0.01) supports the 
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previous statement of increased biomass; however, it should be remembered that SPSM 
is a derived trait and was not directly measured.  These results can be applied to drought 
stressed environments where breeders wish to increase both PHT and GYLD.  QTLs on 
chromosome 5B appeared analogous, except for PHT, to those identified by Groos et al. 
(2003) in a genetic study that mapped yield, yield components, and grain protein content 
in a red by white seed color RIL population in France.  
The QTLs on chromosome 6A at 13.1 cM controlled PHT, GYLD, TKW, KWS, 
SPSM, and KPSM.  The QTLs for PHT and TKW had positive additive effects for the 
TAM 107-R7 allele but GYLD, KWS, SPSM and KPSM had negative additive effects 
for the TAM 107-R7 allele.  Pleiotropic QTLs mapped by Li et al. (2007) agreed with our 
results for chromosome 6A.  Additionally, Berke et al. (1992) showed that chromosome 
6A was important for plant height, grain yield, and grain yield components traits in a 
study using reciprocal chromosome substitutions among the hard winter wheat cultivars 
‘Cheyenne’ and ‘Wichita’.  As opposed to the region on chromosome 5B where all QTLs 
had positive additive effects and positive correlations, the region on chromosome 6A had 
QTLs with both positive and negative additive effects and correlations.  Thus, selection 
for the positive (increasing) additive effects GYLD, KWS, SPSM, and KPSM on 
chromosome 6A will contribute negative (decreasing) effects for PHT and TKW.  The 
negative correlations observed amongst these traits can be used to breed wheats for 
eastern Nebraska where cultivars with shorter plant heights (semidwarf) are preferred, as 
opposed to western Nebraska where taller semidwarf or nonsemidwarf (conventional 
height) wheat cultivars are preferred (Baenziger et al., 2001b; Budak et al., 1995). 
 
 116
The smaller co-localized QTL regions on chromosomes 1B, 1D, and 4D included 
QTLs for agronomic performance and end-use quality.  QTLs detected at 13.5 cM on 
chromosome 1B near the Glu-B1 locus contributed to PROT, MPT, and TOL.  The TAM 
107-R7 allele had a positive effect for the MPT and TOL QTLs, but had a negative effect 
for the PROT QTL.  A strong correlation was observed between MPT and TOL (r = 0.76, 
P < 0.01), hence these traits were expected to be co-located and are characteristic of the 
favorable 7+8 HMW glutenin subunit (Payne, 1987) from the TAM 107-R7 parent (Shan 
et al., 2007; Zheng et al., 2010).  The less favorable 7+9 HMW glutenin subunit (Payne, 
1987) is present in the Arlin parent (Shan et al., 2007; Zheng et al., 2010); however, 
Primard et al., (1991) could not detect a difference in end-use quality between these two 
alleles in a study using four hard red winter wheat populations in Nebraska.  The negative 
additive effect for the PROT QTL was supported by the negative correlation observed 
between PROT and MPT (r = -0.19, P < 0.01) and TOL (r = -0.22, P < 0.01). 
In contrast to chromosome 1B, the QTLs on chromosome 1D had negative 
additive effects for MPT and TOL contributed by the TAM 107-R7 allele at 22.3 cM near 
the Glu-D1 locus.  The presence of the unfavorable bread making 2+12 HMW glutenin 
subunit (Payne, 1987) found in the TAM 107-R7 parent (Shan et al., 2007; Zheng et al., 
2010) decreased dough strength.  The favorable bread making 5+10 HMW glutenin 
subunit (Payne, 1987) is present in the Arlin parent (Shan et al., 2007; Zheng et al., 2010).  
Huang et al. (2006) found similar coincident regions for multiple agronomic and quality 
traits for the Glu-B1 and Glu-D1 in a molecular mapping study in wheat. 
Finally, the region located at 44.8 cM on chromosome 4D near the marker locus 
wPt-5809 had QTLs that controlled GYLD, KPSM, and PROT.  The TAM 107-R7 allele 
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had negative additive effects for GYLD and KPSM, but was positive for PROT.  As 
previously discussed, phenotypic correlations among these traits agree with the additive 
effects associated with the TAM 107-R7 allele.  This region and others previously 
mentioned identified the well-known inverse relationship for agronomic and end-use 
quality traits, most importantly for GYLD and PROT, which makes combining increased 
GYLD with higher PROT difficult in wheat (Kibite and Evans, 1984; Löffler et al., 1985).  
However, hard winter wheat cultivars Agripro Brand ‘Jagalene’ (Plant Variety Protection 
Office Certificate 200200160), ‘Karl 92’ (PI 564245; Sears et al., 1997b), and Wesley 
have been developed in the U.S. Great Plains that produce high grain yields and have 
excellent end-use quality. 
 
QTLs at SBWMV Infected Environments 
Forty-seven QTLs (LOD ≥ 3) were detected at the Lincoln environments and in 
the combined analysis for all of the agronomic and end-use quality traits in the TAM 
107-R7/Arlin population (Table 6).  Phenotypic variation for these QTLs ranged from 7.6 
to 68.2% and mapped to all chromosomes except 1A, 2D, 3D, 5A, 6D, 7B, and 7D, 
similar to the uninfected environment analysis.  QTLs detected at the two Lincoln 
environments during the 2008 and 2009 growing seasons were not named because of the 
severe WSBMV infection. 
It is impossible to separate the effects of the Lincoln environment and WSBMV 
disease since it occurred in both years.  This result illustrates the difficulty in interpreting 
our results (i.e. WSBMV or the environment); however, we are confident that WSBMV 
was a major factor determining all traits.  To support this conclusion, eleven QTLs for 
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HD, AD, MAT, GFD, PHT, GYLD, GVW, TKW, SPSM, KPSM, and PROT co-
localized with the WSBMV resistance locus on the long arm of chromosome 5D near the 
marker locus wPt-5870 at position 25.4 cM.  These QTLs controlled over half of the 
phenotypic variation and were considered artifacts of the WSBMV infected environment 
analyses.  Additionally, the QTLs on chromosome 5D had favorable additive effects 
associated with the TAM 107-R7 allele, which was expected since TAM 107-R7 
contributed resistance (Chapter 2).    
A new pleiotropic or closely linked QTL region was identified on the short arm of 
chromosome 3B near the marker locus Xgwm533 at position 9.2 cM (Table 6 and 
Appendix 3).  It was detected at multiple environments and in the combined analysis.  
This QTL region controlled GYLD, GVW, KPS, and KPSM, which were significantly (P 
< 0.01), correlated in Chapter 2.  The TAM 107-R7 allele had a positive additive effect 
for all traits.  New QTLs found at Lincoln using the entire population could be due to the 
environment or to WSBMV infection.  However, new QTLs (except those on 
chromosome 5D) from Lincoln were not directly associated with WSBMV resistance per 
se. 
 
QTLs between Uninfected and SBWMV Infected Environments 
The initial step to identify the effects of WSBMV on QTL detection was to 
identify QTLs whose detection was not affected by the WSBMV or the different 
environments used in this study.  Our results suggested that twenty QTLs were not 
affected by the environment or disease after comparing the uninfected and WSBMV 
infected environments (Table 4 and 6).  These QTLs were identified in the infected and 
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uninfected environments (Lincoln vs. Mead and North Platte) and their additive effects 
did not change sign.  This result indicated that the TAM 107-R7 allele was stably 
expressed across environments and in the presence of the disease.  Except for the GFD 
QTL on chromosome 3A and the PROT QTL on chromosome 6B, all stably expressed 
QTLs identified in this comparison mapped to the previously discussed pleiotropic or 
closely linked QTL regions.  Eight of these stably expressed QTLs mapped to the regions 
located on chromosome 7A.  First, QTLs controlling MAT, GYLD, GVW, and PROT 
clustered near the marker locus wPt-1928 at position 73.1 cM (region 1).  Secondly, 
QTLs controlling AD, TKW, KWS, and KPS clustered near the wPt-3992 locus at 
position at 104.4 cM (region 2).  The remaining ten QTLs controlled AD, GYLD, GVW, 
TKW, KPS, SPSM, KPSM, MPT, and TOL, and were detected on chromosomes 1B, 1D, 
2B, 3A, 4B, and 6A.  Consistent detection of colocated QTLs between the different 
growing environments indicated that these QTLs were not affected by the environment or 
WSBMV.  As discussed in Chapter 2, KPS, MPT, and TOL were not significantly 
affected by WSBMV.  Therefore, QTLs for these traits were not expected to be affected 
by the WSBMV but could have been affected by the environment.  The remaining thirty-
two QTLs were affected by the environment, WSBMV, or both since they were not in 
common during the comparison. 
 
QTLs between Uninfected Environments and the Resistant RIL Subpopulation 
Our hypothesis was that the resistant RILs (n = 75) subpopulation provided 
phenotypic data that was not affected by WSBMV and could be used to simulate QTLs 
expressed at Lincoln under normal growing conditions.  By comparing the QTLs detected 
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at the uninfected environments to those detected using the resistant RILs at WSBMV 
infected environments; we may be able to determine which QTLs were affected by the 
environment and which QTLs were not affected by the environment. 
In this analysis, 42 QTLs were detected for all the agronomic and end-use quality 
traits using the resistant RIL subpopulation (Table 7).  The comparison identified 
fourteen QTLs, exclusive only to Mead, North Platte, or the Mead and North Platte 
environments (Table 4 and 7) and not found at Lincoln in the resistant RILs.  These 
QTLs were mainly detected at one environment and controlled HD, MAT, GFD, PHT, 
GYLD, GVW, TKW, KWS, KPS, KPSM, and PROT.  Six QTLs mapped to the 
pleiotropic or closely linked regions on chromosomes 4B, 5B, and 6A, which was not 
expected since other QTLs in these regions were found to be not affected by the 
environment in the previous comparison of QTL analyses from WSBMV uninfected 
environments and WSBMV infected environments.  We also identified 7 QTLs that were 
specific only to Lincoln (Table 7) and controlled HD, GFD, GVW, KWS, KPS, and 
SPSM.  These QTLs were also coincident in the pleiotropic or closely linked regions on 
chromosomes 3B, 5B, and 7A, while a single QTL was detected on chromosomes 3A. 
 
QTLs between the Resistant and Susceptible RIL Subpopulation 
A major goal of this research was to separate QTLs affected by WSBMV from 
those that are not affected.  For this reason, we compared results from the QTL analyses 
of the resistant (n = 75) and susceptible (n = 79) RIL subpopulations from the TAM 107-
R7/Arlin population at WSBMV infected environments, which removed environmental 
confounding. 
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The QTL analysis of the susceptible RIL subpopulation grown under WSBMV 
infected conditions detected thirty-two QTLs for all agronomic and end-use quality traits 
(Table 8).  Upon comparison of these QTLs to those from the resistant RIL subpopulation 
(Table 7), we identified eighteen QTLs that were in common.  Hence, these QTLs were 
largely not affected by WSBMV and controlled AD, MAT, GFD, GYLD, GVW, TKW, 
KPS, SPSM, PROT, MPT, and TOL.  
Twenty-four QTLs were not identified in the susceptible RIL subpopulation at 
WSBMV infected conditions when compared to the resistant RIL subpopulation (Table 7 
and 8).  Hence, the lack of detection for these QTLs appears to be caused only by 
WSBMV and not the environment.  The QTLs not identified in the susceptible RIL 
subpopulation controlled HD, AD, MAT, GFD, PHT, GYLD, GVW, KWS, SPSM, 
KPSM, PROT, and MPT.   
Results from a previous study on the effects of WSBMV (chapter 2) identified the 
agronomic and end-use quality traits were not affected by the disease.  Throughout all 
comparisons in the present study, QTLs for TKW were not affected by WSBMV 
infection but TKW (based on mean values in Chapter 2) was found to be affected by 
WSBMV infection.  We identified QTLs for KWS and MPT that were affected by 
WSBMV in this comparison; however, these traits were not affected by WSBMV 
(chapter 2).  This observation suggests that the effect of WSBMV on a population should  
be further investigated using our comparisons of QTLs from the resistant and susceptible 
RIL subpopulations after comparing trait means from these groups in a statistical analysis 
as conducted in chapter 2. 
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It is important to note that when the reverse comparison was made (i.e. 
susceptible RIL subpopulation vs. resistant RIL subpopulation), we detected four new 
QTLs in the susceptible RIL subpopulation that were not detected in the uninfected 
environments or in the entire RIL population at WSBMV infected environments.  These 
QTLs controlled PHT, TKW, SPSM, and PROT on chromosomes 3B, 3A, 6B, and 3B, 
respectively.  These QTLs mapped to the previously described colocated QTL regions 
but were not detected in prior analyses for unknown reasons.  Closer examination 
identified that the additive effects for the TAM 107-R7 allele were in the opposite 
direction as those observed for the traits in Chapter 2.  This result was expected since the 
WSBMV resistance locus was removed as a variable in this comparison; hence the 
susceptible subpopulation was subject to the complete effects of the disease.     
Regarding the QTL analyses involving the resistant and susceptible RIL 
subpopulations, sufficient statistical power was available for QTL detection (Hu and Xu, 
2008).  Our results showed that QTLs were common between the resistant RIL 
subpopulation and uninfected environments and between the WSBMV infected and 
susceptible RIL subpopulation.  However, a reduction of power to detect QTLs was 
expected since the population size was reduced (roughly in half) during the QTL analyses 
of the resistant and susceptible subpopulations from the RIL population. 
The lack of statistically significant (LOD > 3.0) agronomic and end-use quality 
QTLs for chromosome 5D at the uninfected environments was unexpected  as others 
(Börner et al., 2002; Huang et al., 2006; McCartney et al., 2005; Pestsova et al., 2006) 
have mapped various trait QTLs on this chromosome in bread wheat.  Perhaps there is 
 
 123
little variation on this chromosome for those traits.  However, this unexexpected result 
does not discount its genetic importance for the location of WSBMV resistance. 
Independent sample t-tests conducted between the WSBMV resistant and 
susceptible RIL subpopulations showed that the allele for resistance did not significantly 
(P > 0.05) affect any measured traits at the uninfected environments.  Brown, (2002) 
reviewed the presence or absence of a ‘plant performance’ penalty for various resistance 
genes incorporated into economically important crops (which includes common bread 
wheat) over the last half-century.  Conclusions from the review identified that 
incorporation of pest resistance genes does frequently come with a cost to plant 
production in absence of the target pathogen but in some cases resistance genes have 
been shown to lack an overall ‘plant performance’ penalty.  For example, Baley et al. 
(2001) and Divis et al. (2006) found that the resistance gene for WSMV (Wsm1) carried 
no deleterious affects for agronomic or end-use quality in the absence of the virus in the 
bread wheat populations used in their study.  However, Sharp et al. (2002) found a yield 
penalty of 11 to 28% for Wsm1 compared to sister lines not carrying the gene when the 
virus was not present. 
 
QTL by Disease Interaction 
 The statistical tests to verify and support our comparisons of QTL results between 
different analyses focused on the QTL by environment interaction (QEI) and the single 
degree-of-freedom test for the QTL by disease interaction for all traits (Table 4).  Overall, 
the majority of QTLs showed a significant QEI; however, twenty QTLs did not have 
significant QEI, which suggests that they were expressed relatively equal in all 
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environments where they were detected.  The QTL by disease interaction results 
confirmed the pattern uncovered by our comparisons. 
 For example, we used grain yield to evaluate our results by comparing QTL 
detected in uninfected and infected environments and separating out the effect of 
environment vs. the effect of disease.  Five QTLs were detected for grain yield at 
uninfected environments.  First, QYld.neb-3B and QYld.neb-7A were detected at 
uninfected, WSBMV infected, and in the resistant RIL subpopulation.  These QTLs were 
not significant for QEI or the QTL by disease interaction, which indicated that the 
expression of these QTLs was not affected by the environment or the disease.  QYld.neb-
6A was only detected at uninfected environments.  Our previous comparisons suggested 
that this QTL was specific to the uninfected environments and was not affected by 
WSBMV since it was not detected in the WSBMV infected environments using the entire 
RIL population or in the infected environments using the resistant RIL subpopulation.  
Results from our analysis showed that this QTL had a significant QEI but was not 
significant for the QTL by disease interaction.  This result indicated that the QTL was 
sensitive to the environment but was not affected by WSBMV.  QYld.neb-4D and 
QYld.neb-5B were both detected at uninfected and in the resistant subpopulation only, 
suggesting that they were affected by the environment and to WSBMV disease.  They 
both showed a significant QEI and a significant QTL by disease interaction that showed 
these QTLs were sensitive to specific environments and to WSBMV.  Hence, our 
anecdotal comparisons were confirmed statistically.  However, these tests relate more to 
the expression of QTLs and do not test if the QTLs will be detected in CIM using a 
statistical threshold. 
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CONCLUSIONS 
 
QTL analysis of the TAM 107-R7/Arlin population detected fifty-two QTLs for 
fifteen agronomic and end-use quality traits in the four uninfected environments and in 
the combined analysis.  Many of these QTLs were significantly correlated (P < 0.01) and 
mapped to coincident regions on chromosomes 2B, 4B, 5B, 6A, and 7A implying 
pleiotropic or closely linked QTLs.  Comparisons between uninfected and WSBMV 
infected environments identified eighteen QTLs not affected by the environment and 
WSBMV infection; hence, the remaining thirty-four QTLs were affected by the 
environment, WSBMV, or both.  Further comparisons of the affected QTLs with those 
detected in the WSBMV resistant RIL subpopulation grown at WSBMV infected 
environments identified fourteen QTLs that were affected by the environments at Mead, 
North Platte, or Mead and North Platte and seven QTLs specific to the Lincoln 
environment, a total of twenty-one environmentally sensitive QTLs.  Finally, twenty-four 
QTLs were determined to be affected by WSBMV by comparing the resistant and 
susceptible subpopulations in QTL analyses.  Validation of these comparisons was 
conducted by identifying the statistical significance of the QTL by environment and QTL 
by disease interaction in ANOVA.  This study is the first study to show how QTLs 
detection can be affected by a disease between environments.  Careful interpretation is 
needed since at least one QTL per trait was affected by WSBMV.  In the future, it will be 
important to investigate the confounding of agronomic and end-use quality QTLs caused 
by abiotic stress or other biotic stressors. 
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The usefulness of the population is shown by the detection numerous QTLs 
consistently throughout multiple uninfected and WSBMV infected environments.  These 
important QTLs can be explored for use in marker-assisted selection for cultivar 
improvement in regions where the disease is present or absent.  Validation of these QTLs 
is currently underway using backcross populations developed from the parental lines and 
more recently developed cultivars from Nebraska. 
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Table 3.  Analysis of variance for three end-use quality traits from the TAM 107-R7/Arlin F6-derived 
recombinant inbred line population grown in at the uninfected environments of Mead and 
North Platte, Nebraska during the 2008 and 2009 growing seasons.
*, **, significance at α= 0.05 and 0.01, respectively;
ns = not significant at α= 0.05 or 0.01
df = degree of freedom
Source of
Variation df
Flour Protein
Content (g kg-1)
Mixograph Peak
Time (min)
Mixing
Tolerance Score
Environment 3 21179 ** 41.57 ** 0.7941 *
Ibloc(Env) 124 56.21 ** 0.1269 * 0.2792 *
Genotype 159 238.3 ** 2.42 ** 5.14 **
GxE  477 45.31 ** 1.37 ** 0.5691 **
Error 516 12.02 0.0969 0.1644
119.3 3.69 4.38
129.6 4.04 3.75
134.5 2.92 2.98
127.6 3.94 4.16
130.0 3.40 3.18
134.8 4.37 4.54
128.2 3.77 4.00
115.2 - 148.8 2.67 - 5.47 1.39 - 5.96
2.70 8.26 10.14
 TAM 107-R7  
 Arlin  
 Goodstreak   
C.V. (%)  
Population Range  
 Millennium  
 Overland  
 Wesley  
Population Mean
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Table 4.  Significant QTL for twelve agronomic and three end-use quality traits identified at four 
environments and their comparison to QTLs identified at two SBWMV environments 
using the TAM 107-R7/Arlin recombinant inbred line population.
† Significant QTL detected with LOD ≥ 3.0
‡ Additive effects are associated with the TAM 107-R7 allele.
¶ Values are averaged from significant environments
§ Year and location analysis used for testing identification of significant QTL.  08, 2008; 09, 2009; M, Mead; NP, North Platte; C, 
Combined analysis using lsmeans from all four environments
¥ *, **, significance at α= 0.05 and 0.01, respectively; ns = not significant at α= 0.05 or 0.01
Trait QTL†
Additive
Effect‡ ¶
Phenotypic 
Variation¶
Peak cM
Position ¶
Peak
Marker
95% Confid-
ence Interval ¶
Significant
Environments§
QTL x
Env.¥
Lincoln
Analysis
Lincoln
Resistant
Lincoln
Susceptible
QTL x 
Disease¥
Heading Date
QHd.neb-1A +0.82 d 11.4 24.8 wPt-6074 19.8 - 30.7 M08, NP09, C * X **
QHd.neb-1D +0.55 9.8 107.0 wPt-7057 105.7 - 109.6 NP08, NP09 * X *
QHd.neb-2B -0.75 8.1 2.7 wPt-4997 0.3 - 6.0 M09, NP09 * X *
QHd.neb-3D +0.46 8.5 35.8 wPt-4569 27.6 - 38.9 NP09 ** ns
QHd.neb-7A -0.85 18.9 106.5 wPt-3393 106.7 - 126 M09, NP08, NP09, C ns X **
Anthesis Date
QAd.neb-2B -0.60 d 8.2 3.4 wPt-4997 0.5 - 5.9 M09, NP09, C * X X X ns
QAd.neb-7A -0.70 13.9 109.3 wPt-3393 102.0 - 116.6 M09, NP08, NP09, C ns X X X ns
Maturity Date
QMat.neb-2B -0.55 d 10.8 1.5 wPt-3561 0.0 - 5.5 M09, NP09, C * X **
QMat.neb-3A -0.53 11.3 46.4 gwm218 39.1 - 57.3 NP09 ** ns
QMat.neb-7A -0.62 11.8 72.4 wPt-1928 64.2 - 87.0 M09, NP08, NP09, C ns X X X ns
Grain Fill Duration
QGfd.neb-1B +0.64 d 9.4 35.3 barc81 27.9 - 38.4 NP08 ** ns
QGfd.neb-2B +0.38 10.2 44.0 wmc175 42.1 - 45.1 M09, NP08, C ns X **
QGfd.neb-3A -0.34 8.5 71.8 wPt-C117266 61.6 - 72.3 M09 ** X n
Plant Hei
s
ght
QHt.neb-3D -1.25 cm 7.3 65.0 gwm52 55.0 - 71.3 NP08 ** ns
QHt.neb-5B +1.35 10.1 18.5 wPt-6135 17.1 - 20.6 M08, M09, NP08, NP09, C ns X **
QHt.neb-6A +1.47 11.4 13.7 wPt-7063 6.9 - 22.1 M08, M09, NP08, NP09, C ns X **
Grain Yield
QYld.neb-3B +274 kg ha-1 10.0 104.0 wPt-6785 97.2 - 108 NP08, NP09, C ns X X ns
QYld.neb-4D -253 10.3 45.5 wPt-5809 38.0 - 56.2 NP08, NP09, C * X **
QYld.neb-5B +137 8.9 19.8 wPt-1250 18.0 - 24.0 NP08, NP09, C ** X **
QYld.neb-6A -238 10.8 13.1 wPt-7063 4.1 - 18.8 M08, NP09, C * ns
QYld.neb-7A -307 19.1 71.1 wPt-1928 62.7 - 81.8 M09, NP08, NP09, C ns X X X ns
Grain Volume Weight
QGvw.neb-1D -0.55 kg hL-1 10.8 2.0 wPt-1799 0.0 - 9.7 M09, NP08, NP09, C ns X X X ns
QGvw.neb-2A -0.68 13.4 75.1 gwm448 73.1 - 76.2 M08, M09, NP08, NP09, C ns X **
QGvw.neb-4A +0.48 8.2 64.3 wPt-0538 55.8 - 67.3 M08 ** ns
QGvw.neb-7A +0.53 11.9 76.4 wPt-1928 72.3 - 86.8 M08, M09, NP08, NP09, C ns X X X ns
Thousand Kernel Weight
QTkwt.neb-5B +0.92 g 10.3 21.7 wPt-3661 19.3 - 29.1 NP09 ** ns
QTkwt.neb-6A +1.17 14.1 12.2 wPt-7063 4.5 - 20.5 M08, NP08, C * X X X ns
QTkwt.neb-7A +1.25 17.3 102.0 wPt-3992 91.8 - 116.1 M08, M09, C ** X X X ns
Kernel Weight per Spike
QKws.neb-4B -0.11 g 10.5 60.5 wPt-6209 58.0 - 66.0 M09, NP09, C * ns
QKws.neb-6A -0.33 11.9 12.0 wPt-7063 5.0 - 19.5 M08, M09, C ns ns
QKws.neb-7A -0.03 7.8 101.5 wPt-3992 100.1 - 107.5 M09, NP09, C * X X ns
QKws.neb-7B -0.05 8.1 41.4 wPt-1723 36.0 - 48.6 M08 ** ns
Kernels per Spike
QKps.neb-2A -1.0 kernels 8.8 29.3 wPt-7626 26.7 - 36.4 NP09 ** ns
QKps.neb-4B -1.1 9.4 58.5 gwm251 56.0 - 63.4 M08, M09, C ** X X X ns
QKps.neb-7A -1.5 20.3 102.0 wPt-3992 93.1 - 106.2 M08, NP08, NP09, C ns X X X ns
Spikes per Square Meter
QSpsm.neb-4B +23.5 spikes 12.6 64.5 barc163 60.2 - 70.6 NP08, NP09, C * X *
QSpsm.neb-5B +21.7 10.7 18.9 wPt-1250 18.3 - 22.6 M09, NP08, NP09, C ns X **
QSpsm.neb-6A -20.3 10.2 13.6 wPt-7063 5.3 - 27.9 NP08, NP09, C * X X X ns
Kernels per Square Meter
QKpsm.neb-4B +628 kernels 9.5 66.1 barc163 59.8 - 71.7 NP08 ** ns
QKpsm.neb-4D -684 8.6 44.9 wPt-5809 38.1 - 54.4 M09 ** X ns
QKpsm.neb-5B +683 9.6 19.3 wPt-1250 17.5 - 22.4 NP08 ** ns
QKpsm.neb-6A -676 11.7 14.2 wPt-7063 5.1 - 27.4 M09, NP08, C ** X **
QKpsm.neb-7A -1042 22.9 79.5 wPt-1928 66.2 - 85.9 M09, NP08, NP09, C ns X **
Flour Protein
QProt.neb-1B -3.27 g kg-1 13.4 13.0 Glu-B1 8.0 - 15.5 M09, NP08, NP09, C ns X **
QProt.neb-2B -1.91 7.8 39.1 barc91 32.2 - 35.5 M09 ** ns
QProt.neb-4D +1.79 9.2 44.1 cfd39 38.2 - 51.5 M08, NP09, C * X *
QProt.neb-6B -2.06 10.2 125.6 wPt-1325 115.3 - 130.2 NP08, NP09, C ** X X X ns
QProt.neb-7A +3.35 27.3 72.5 wPt-1928 65.0 - 80.2 M08, NP08, NP09, C ns X ns
Mixograph Peak Time
QMpt.neb-1B +0.25 min 9.1 14.1 Glu-B1 10.0 - 18.2 M09, NP09, C * X **
QMpt.neb-1D -0.72 43.0 22.8 wPt-3743 22.0 - 25.0 M09, NP08, NP09, C ns X X X ns
Mixing Tolerance
QTol.neb-1B +0.33 units 8.8 13.4 Glu-B1 9.4 - 15.1 M09, NP08, NP09, C ns X X X ns
QTol.neb-1D -0.62 39.6 21.8 wPt-3743 21.0 - 23.7 M08, M09, NP08, NP09, C ns X X X ns
QTLs at Non-SBWMV Environments QTLs at SBWMV Environments
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Table 6.  Significant QTL for twelve agronomic and three end-use quality traits identified at the two 
SBWMV infected environments at Lincoln using the 154 F6-derived TAM 107-R7/Arlin 
recombinant inbred line population.
† Significant QTL detected with LOD ≥ 3.0
‡ Additive effects are associated with the TAM 107-R7 allele.
¶ Values are averaged from significant environments
§ Year and location analysis used for testing identification of significant QTL.  08, 2008; 09, 2009; L, Lincoln; C, Combined 
analysis using lsmeans from all four environments.
Trait QTL†
Additive
Effect‡ ¶
Phenotypic
Variation¶
Linkage
Group
Peak cM
Position ¶
Peak
Marker
95% Confid-
ence Interval ¶
Significant
Environments
Common QTLs with
Disease-free Envs.
Heading Date -0.72 d 10.4 4A 73.6 wPt-0610 63.1 - 80.0 L09
Heading Date +0.82 10.7 5B 71.1 barc142 65.4 - 81.7 L09, C
Heading Date -2.51 68.2 5D 25.0 wPt-5870 20.7 - 32.8 L08, L09, C
Anthesis Date -0.55 9.5 2B 3.4 wPt-4997 0.8 - 6.7 L08, L09, C X
Anthesis Date -1.73 58.4 5D 26.4 wPt-5870 21.0 - 30.3 L08, L09, C
Anthesis Date -0.51 11.2 7A 109.0 wPt-3393 100.0 - 118.6 L08, L09, C X
Maturity Date -1.49 53.9 5D 25.4 wPt-5870 20.9 - 33.4 L08, L09, C
Maturity Date -0.73 11.1 7A 72.4 wmc593 62.4 - 83.0 L08, L09, C X
Grain Fill Duration -0.27 7.6 3A 72.0 wPt-C117266 60.0 - 73.9 L08, L09, C X
Grain Fill Duration -1.27 51.1 5D 25.0 wPt-5870 20.0 - 30.3 L08, L09, C
Grain Fill Duration -0.90 9.8 6A 30.3 wPt-5652 17.2 - 42.4 L09
Grain Fill Duration -0.65 11.7 7A 61.0 wmc593 54.1 - 78.2 L09
Plant Height +5.8 cm 66.8 5D 27.1 wPt-5870 19.4 - 33.1 L08, L09, C
Grain Yield -110 kg ha-1 9.8 2A 71.1 gwm95 73.4 - 76.0 L08, C
Grain Yield -178 12.1 3A 9.8 wmc407 102.0 - 17.6 L08
Grain Yield +326 9.2 3B 7.3 gwm533 1.4 - 14.1 L08, L09, C X
Grain Yield +851 58.3 5D 24.8 wPt-5870 21.1 - 33.0 L08, L09, C
Grain Yield -320 12.1 7A 71.1 wPt-1928 64.7 - 80.5 L08, L09, C X
Grain Volume Weight -0.41 kg hL-1 10.5 1D 2.0 wPt-1799 0.0 - 8.9 L08, L09, C X
Grain Volume Weight +0.79 11.5 3B 10.7 gwm533 5.0 - 15.4 L08, L09, C
Grain Volume Weight +0.82 53.0 5D 27.4 wPt-5870 22.3 - 32.8 L08, L09, C
Grain Volume Weight +0.58 9.3 7A 74.4 wPt-1928 72.3 - 98.2 L08, L09, C X
Thousand Kernel Weight +1.11 g 55.6 5D 24.4 wPt-5870 22.3 - 33.4 L08, L09, C
Thousand Kernel Weight +1.24 11.1 6A 12.2 wPt-7063 4.1 - 19.7 L08, L09, C X
Thousand Kernel Weight +1.01 12.2 7A 101.5 wPt-3992 92.6 - 112.8 L08, L09, C X
Kernel Weight per Spike -0.18 13.2 2B 16.5 gwm148 10.2 - 25.4 L09, C
Kernel Weight per Spike -0.06 11.1 5B 23.2 wPt-3503 19.3 - 28.2 L09
Kernel Weight per Spike -0.04 8.1 6B 70.6 gwm133 68.3 - 72.9 L08
Kernel Weight per Spike -0.06 8.3 7A 28.1 wPt-0040 14.2 - 33.0 L08, L09, C X
Kernels per Spike +1.36 kernels 11.1 3B 10.6 gwm533 4.7 - 14.2 L09, C
Kernels per Spike -1.18 9.2 4B 58.5 gwm251 55.7 - 64.4 L08, L09, C X
Kernels per Spike -1.26 10.8 7A 104.1 wPt-3393 98.9 - 114.6 L08, L09, C X
Spikes per Square Meter +58 spikes 54.3 5D 25.5 wPt-5870 20.4 - 32.5 L08, L09, C
Spikes per Square Meter -20 10.0 6A 21.0 wPt-7063 6.4 - 28.3 L08, L09, C X
Kernels per Square Meter -661 kernels 10.6 2A 4.1 wPt-4997 1.0- 10.5 L09, C
Kernels per Square Meter +231 9.4 3B 8.0 gwm533 3.2 - 11.8 L09, C
Kernels per Square Meter -453 9.3 4D 45.0 wPt-5809 38.0 - 55.3 L08, L09, C X
Kernels per Square Meter +2176 51.4 5D 25.0 wPt-5870 20.4 - 30.3 L08, L09, C
Flour Protein -1.52 g kg-1 53.1 5D 23.1 wPt-5870 22.3 - 32.9 L08, L09, C
Flour Protein -2.73 15.7 6A 19.6 wPt-7036 9.7 - 33.2 L08, L09, C
Flour Protein -2.08 10.4 6B 119.2 wPt-5270 110.0 - 123.5 L08, L09, C X
Flour Protein +3.27 16.8 7A 72.5 wPt-1928 64.6 - 82.2 L08, L09, C X
Mixograph Peak Time -0.78 min 41.0 1D 22.8 wPt-3743 21.5 - 26.2 L08, L09, C X
Mixograph Peak Time +0.29 9.3 4B 91.4 wmc125 83.7 - 104.9 L09
Mixograph Peak Time -0.19 10.2 7A 39.5 wPt-6273 32.7 - 46.3 L08, C
Mixing Tolerance +0.3 units 8.7 1B 9.7 Glu-B1 5.2 - 12.8 L08, L09, C X
Mixing Tolerance -0.59 43.6 1D 21.8 wPt-3743 20.2 - 24.7 L08, L09, C X
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Table 7.  Significant QTL for twelve agronomic and three end-use quality traits identified at the two 
SBWMV infected environments at Lincoln using the resistant RILs from the TAM 107-
R7/Arlin recombinant inbred line population.
† Significant QTL detected with LOD ≥ 3.0 using least squares means from combined analysis of variance.
‡ Additive effects are associated with the TAM 107-R7 allele.
¶ Values are averaged from significant environments.
Trait QTL†
Additive
Effect‡ ¶
Phenotypic
Variation¶
Linkage
Group
Peak cM
Position ¶
Peak
Marker
95% Confid-
ence Interval ¶
Lincoln
Specific QTLs
Common QTLs with 
Susceptible RILs
Common QTLs with
Disease-free Envs.
Heading Date +0.79 d 10.8 1A 25.0 wPt-6074 17.4 - 30.5 X
Heading Date +0.77 9.9 1D 110.0 wPt-9774 101.0 - 112.3 X
Heading Date -0.93 10.2 2B 3.5 wPt-4997 0.0 - 5.3 X
Heading Date -0.79 13.3 7A 116.5 wPt-3393 105.4 - 122.0 X
Anthesis Date -0.77 11.2 2B 4.0 wPt-4997 0.5 - 8.0 X X
Anthesis Date +0.58 11.0 5B 71.1 barc142 66.2 -  81.7 X
Anthesis Date -0.47 9.5 7A 111.0 wPt-3393 100.0 - 114.6 X X
Maturity Date -0.64 11.3 2B 2.3 wPt-3561 0.0 - 6.8 X
Maturity Date -1.02 15.2 7A 71.4 wmc593 66.0 - 73.0 X X
Grain Fill Duration +0.41 9.4 2B 44.0 wmc175 40.0 - 46.3 X
Grain Fill Duration -0.57 21.7 7A 61.4 wmc593 52.3 - 68.5 X X
Plant Height +1.5 cm 9.4 5B 18.5 wPt-6135 16.9 - 21.8 X
Plant Height +1.27 10.6 6A 13.7 wPt-7063 7.0 - 21.8 X
Grain Yield +250 kg ha-1 8.5 3B 104.0 wPt-6785 93.6 - 110.0 X
Grain Yield -301 9.3 4D 46.0 wPt-5809 38.0 - 81.4 X
Grain Yield +213 10.8 5B 17.5 wPt-4628 15.5 - 24.0 X
Grain Yield -321 19.8 7A 73.1 wPt-1928 64.4 - 80.2 X X
Grain Volume Weight -0.65 kg hL-1 19.0 1D 6.0 wPt-1799 0.0 - 8.0 X X
Grain Volume Weight -0.38 7.7 2A 75.1 gwm448 73.7 - 79.3 X
Grain Volume Weight +0.83 13.5 3B 8.9 gwm533 4.2 - 16.5 X X
Grain Volume Weight +0.85 13.2 7A 77.2 wPt-1928 72.3 - 95.4 X X
Thousand Kernel Weight +1.54 g 15.2 6A 12.2 wPt-7063 5.6 - 18.6 X X
Thousand Kernel Weight +1.34 12.4 7A 102.0 wPt-3992 93.0 - 110.2 X X
Kernel Weight per Spike -0.06 9.1 3B 9.6 gwm533 3.2 - 15.3 X
Kernel Weight per Spike -0.04 9.6 7A 104.0 wPt-3992 95.2 - 111.4 X
Kernels per Spike +2.33 kernels 11.1 3B 11.0 gwm533 6.0 - 22.3 X X
Kernels per Spike -1.05 9.2 4B 58.5 gwm251 56.4 - 64.8 X X
Kernels per Spike -1.21 10.5 7A 102.6 wPt-3393 93.2 - 115.2 X X
Spikes per Square Meter -21 spikes 9.4 3A 9.8 barc12 3.5 - 24.3 X
Spikes per Square Meter +19 10.5 3B 9.1 gwm533 4.0 - 16.1 X
Spikes per Square Meter +25 12.2 4B 64.0 barc163 59.6 - 71.2 X
Spikes per Square Meter +21 10.1 5B 18.9 wPt-1250 17.1 - 21.6 X
Spikes per Square Meter -23 13.6 6A 19.6 wPt-7063 10.4 - 21.8 X X
Kernels per Square Meter -490 12.2 6A 18.6 wPt-7063 5.0 - 23.6 X
Kernels per Square Meter -902 18.3 7A 74.5 wPt-1928 63.4 - 89.2 X
Flour Protein -3.35 g kg-1 13.2 1B 11.3 Glu-B1 7.0 - 13.2 X
Flour Protein +1.21 10.1 4D 54.0 cfd39 48.2 - 63.7 X
Flour Protein -2.88 8.5 6B 119.0 wPt-5270 116.0 - 130.5 X X
Mixograph Peak Time +0.37 min 8.6 1B 12.2 Glu-B1 10.0 - 16.2 X
Mixograph Peak Time -0.58 35.6 1D 24.0 wPt-3743 20.0 - 26.4 X X
Mixing Tolerance +0.58 units 8.7 1B 11.2 barc187 8.6 - 16.5 X X
Mixing Tolerance -0.57 30.0 1D 22.0 wPt-3743 19.6 - 24.1 X X
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Table 8.  Significant QTL for eight agronomic and three end-use quality traits identified at the two 
SBWMV infected environments at Lincoln for the susceptible RILs from the TAM 107-
R7/Arlin recombinant inbred line population.
† Significant QTL detected with LOD ≥ 3.0 using least squares means from combined analysis of variance.
‡ Additive effects are associated with the TAM 107-R7 allele.
¶ Values are averaged from significant environments
Trait QTL†
Additive
Effect‡ ¶
Phenotypic
Variation¶
Linkage
Group
Peak cM
Position ¶
Peak
Marker
95% Confid-
ence Interval ¶
Heading Date -0.81 11.4 4A 73.6 wPt-0610 60.8 - 81.3
Heading Date +0.82 10.7 5B 71.1 barc142 65.4 - 81.7
Anthesis Date -0.78 15.3 2B 3.0 wPt-4997 1.5 - 8.3
Anthesis Date -0.65 11.4 7A 107.8 wPt-3992 91.2 - 110.9
Maturity Date -0.73 12.6 7A 72.4 wPt-1928 60.5 - 84.6
Grain Fill Duration -0.41 11.6 6A 30.3 wPt-5652 17.2 - 42.4
Grain Fill Duration -0.58 15.5 7A 61.4 wmc593 54.1 - 78.2
Plant Height -1.45 cm 13.2 3B 10.6 gwm533 2.5 - 18.5
Grain Yield -130 kg ha-1 7.5 2A 74.1 gwm95 73.4 - 76.0
Grain Yield -164 10.3 3A 9.5 wmc407 0.5 - 19.4
Grain Yield -301 15.1 7A 71.1 wPt-1928 60.3 - 80.8
Grain Volume Weight -0.75 kg hL-1 14.9 1D 2.0 wPt-1799 0.0 - 10.4
Grain Volume Weight +0.68 12.3 3B 10.1 gwm533 4.1 - 13.6
Grain Volume Weight +0.62 12.1 7A 76.1 wPt-1928 71.2 - 85.3
Thousand Kernel Weight -1.43 g 11.1 3A 9.8 barc12 1.3 - 20.3
Thousand Kernel Weight +1.12 12.3 6A 12.2 wPt-7063 5.3 - 18.6
Thousand Kernel Weight +1.1 11.5 7A 102.0 wPt-3992 94.5 - 112.6
Kernel Weight per Spike -0.13 9.8 2B 16.5 gwm148 12.7 - 29.6
Kernels per Spike +1.64 kernels 10.2 3B 5.5 wPt-2757 0.0 - 9.4
Kernels per Spike -2.22 11.4 4B 58.5 gwm251 52.0 - 64.8
Kernels per Spike +0.95 7.8 7A 101.4 wPt-3992 93.4 - 116.6
Spikes per Square Meter -17 9.4 6A 21.0 wPt-7063 5.0 - 27.3
Spikes per Square Meter -18 8.6 6B 121.1 wPt-5270 113.2 - 123.2
Kernels per Square Meter -671 kernels 11.3 2A 4.1 wPt-4997 0.0 - 11.2
Kernels per Square Meter +189 7.9 3B 5.0 wPt-3921 1.2 - 7.6
Flour Protein +2.41 g kg-1 9.7 3B 5.5 wPt-3921 1.0 - 8.4
Flour Protein -2.32 12.2 6A 19.4 wPt-7036 10.4 - 30.6
Flour Protein -2.77 11.4 6B 122.9 wPt-5270 112.0 - 129.5
Mixograph Peak Time -0.79 min 40.8 1D 22.8 wPt-3743 21.3 - 26.5
Mixograph Peak Time +0.32 9.3 4B 91.4 wmc125 82.1 - 100.2
Mixing Tolerance +0.24 units 7.8 1B 11.6 Glu-B1 6.2 - 14.2
Mixing Tolerance -0.71 42.2 1D 21.8 wPt-3743 20.6 - 24.7
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Appendix 2.  Analysis of variance for three end-use quality traits from the TAM 107-R7/Arlin F6-
derived recombinant inbred line population grown at the uninfected environments of 
Mead and North Platte, Nebraska during the 2008 and 2009growing season.
Source of
Variation df
Flour Protein
(g kg-1)
Midline Peak 
Time (min)
Mixing 
Tolerance
Rep 1 2122 ** 0.0035 ns 0.6802 ns
Iblock 30 59.61 ** 0.1224 ns 0.2921 ns
Genotype 159 127.3 ** 1.67 ** 2.39 **
Error 129 14.41 0.0842 0.1988
132.14 5.05 4.78
138.92 4.80 4.34
144.15 2.75 2.45
144.04 2.04 3.81
145.51 3.64 2.67
156.81 4.13 4.64
138.71 3.69 4.09
122.7 - 174.3 1.93 - 5.66 0.93 - 6.59
2.74 7.87 10.90
 Goodstreak   
 TAM 107-R7  
 Arlin  
C.V. (%)  
Population Range  
 Millennium  
 Overland  
 Wesley  
Population Mean
Mead 2008
Source of
Variation df
Flour Protein
(g kg-1)
Midline Peak 
Time (min)
Mixing 
Tolerance
Rep 1 7.62 ns 0.0012 ns 0.6798 ns
Iblock 30 28.32 ** 0.1471 ns 0.2019 ns
Genotype 159 77.13 ** 1.31 ** 1.25 **
Error 129 7.49 0.0988 0.1306
119.5 3.29 4.52
136.7 4.32 3.24
131.6 2.33 2.99
126.2 3.92 3.97
131.3 2.21 3.44
140.4 3.84 4.47
129.8 3.40 3.97
113.0 - 151.2 1.74 - 6.53 1.42 - 6.07
2.11 9.23 9.10
 TAM 107-R7  
 Arlin  
 Goodstreak   
C.V. (%)  
Population Range  
 Millennium  
 Overland  
 Wesley  
Population Mean
Mead 2009
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*, **, significance at α= 0.05 and 0.01, respectively; ns = not significant at α= 0.05 or 0.01 df = degree of freedom
Source of
Variation df
Flour Protein
(g kg-1)
Midline Peak 
Time (min)
Mixing 
Tolerance
Rep 1 143.1 ns 0.0401 ns 1.91 *
Iblock 30 66.42 ** 0.0877 ns 0.1996 ns
Genotype 159 94.44 ** 1.88 ** 2.17 **
Error 129 19.71 0.0976 0.1779
117.89 3.13 3.50
122.65 3.37 4.37
131.78 3.38 3.62
119.53 5.46 5.00
122.97 4.72 3.13
128.39 5.40 4.63
124.83 3.74 4.02
108.8 - 151.3 2.03 - 6.65 1.00 - 6.62
3.56 8.36 10.49
 TAM 107-R7  
 Arlin  
Population Mean
C.V. (%)  
Population Range  
 Goodstreak   
 Millennium  
 Overland  
 Wesley  
Source of
Variation df
Flour Protein
(g kg-1)
Midline Peak 
Time (min)
Mixing 
Tolerance
Rep 1 50.11 ns 0.0546 ns 0.5281 ns
Iblock 30 18.31 ** 0.1684 ns 0.3537 **
Genotype 159 87.43 ** 1.74 ** 1.25 **
Error 129 7.06 0.1067 0.1302
116.32 3.34 4.73
121.51 3.69 3.03
129.81 3.21 2.81
119.63 4.16 3.91
119.39 2.99 3.47
113.63 4.21 4.41
119.65 3.79 4.02
103.6 - 140.7 1.91 - 7.51 1.13 - 6.23
2.22 8.61 8.98
 TAM 107-R7  
 Arlin  
 Goodstreak   
C.V. (%)  
Population Range  
 Millennium  
 Overland  
 Wesley  
Population Mean
North Platte 2008
North Platte 2009
Appendix 2, continued
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Appendix 3.  Linkage maps of chromosomes with pleiotropic or closely linked QTL regions 
from disease-free environments.
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